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Preface 

Comprehending endocrine disorders requires a combination of basic knowledge on 
molecular biology and genetics as well as a good grasp of the clinical aspects. Given 
the recent advances in these fields, an overview of the latest trends and developments 
affecting endocrinology is provided.

As one of the most up to date publications on this specialist field, this book is the 
result of a collaboration between a number of leading researchers and practitioners in 
the field who are recognized for their work over the years in the field of
endocrinology. The book provides and indepth analysis across a range of topics 
focused on hormonal and metabolic disorders.

The book aims to provide a basic as well as advanced recent trends in endocrine disorders
in addition to an analytical focus on those topics less well-studied. Readers will find a 
large spectrum of endocrinopathise from thyroid carcinogenesis and pituitary adenomas
to adrenal tumors and metabolic bone disease. Emphasis has also been focused on more
specific issues not yet fully elucidated (e.g. the molecular pathways involved in
thyrotropin beta gene regulation or monogenic phosphate balance disorders).

We hope that the scope of this book is not only to answer questions but mainly to
stimulate new questions.In sharing the knowledge, of the eminent scientists and
clinicians in this book with a broad spectrum of readers,it will spark new interest in 
the expanding spectrum  of endocrine disorders.

The book is organized into the following sections: 

I. INTRODUCTION TO ENDOCRINOLOGY including the chapter « The power of
an evolutionary perspective in studies of endocrinology» by Dr. Zhang Yaping et al.; a 
review focused on recent advances in the understanding of the evolution of hormone
signalling pathways. 

II. PITUITARY ADENOMAS including the following chapters:

 «The Genetics of Pituitary Adenomas» by Dr. Fedele Monica et al.; a review on
pituitary adenomas covering a wide spectrum from pituitary tumorigenesis to 
sporadic and familiar pituitary adenomas. 
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X Preface 
 
 «Acromegaly and Gigantism» by Dr. Akin Fulya et al.; authors attempt to provide 

data concerning the history, epidemiology, etiology, pathophysiology, clinical 
features, diagnosis and treatment of acromegaly. 

 «Effects of Growth hormone (GH) over-expression on signaling cascades involved 
in promotion of cell proliferation and survival» by Dr. González Lorena et al.; 
authors analyze the effects of long term exposure to growth hormone (GH) at the 
molecular level in the liver. 

III. THE THYROID GLAND including the following chapters: 

 «Negative regulation of the thyrotropin beta gene by T3» by Dr. Sasaki Shigekazu 
et al.; an up-to-date review focused on the molecular mechanisms of negative 
regulation of the TSH beta gene by T3. 

 «Clinical management of thyroid nodules in the areas of various iodine supply» 
by Prof. Słowińska-Klencka Dorota et al.; a review is focused on the clinical 
management of thyroid nodules in areas of different iodine status (high, sufficient 
or inadequate iodine supply). 

 «Clinical Workup of Nodular and Mass Lesions of the Endocrine Organs» by Dr. 
Lin Xiaoqi et al.; a review focused on the application of FNA biopsy for thyroid 
and parathyroid lessions. 

 «Molecular biology of thyroid cancer» by Prof. Viglietto Giuseppe et al.; a revision 
on thyroid tumorigenesis covering a wide literature spectrum from epidemiology 
and risk factors of thyroid cancer to the mechanisms and molecular pathways that 
underlie onset and progression of these neoplasms. 

 «Diagnosis and differential diagnosis of medullary thyroid cancer» by Dr. 
Faggiano Antongiulio et al.; a review focused on the pathogenesis, diagnosis and 
therapeutic approach of medullary thyroid cancer. 

 «Molecular Diagnostics in Treatment of Medullary Thyroid Carcinoma» by Prof. 
Pützer Brigitte et al.; a review focused on new perspectives in the molecular 
diagnostic approach of patients with medullary thyroid cancer. 

 «Medullary thyroid carcinoma associated with RET mutations located in exon» by 
Dr. Peppa Melpomeni et al.; a chapter focused on the genetic analysis of the RET 
protooncogene -apart from the known somatic mutations in exons 10, 11, 13-16, 
authors analyze another  “ non classical” exon mutation in exon 8. 

 «Status for congenital hypothyroidism at advanced ages» by Dr. Ari Yuca Sevil; a 
review  focused on the multi-systemic abnormalities provoked by congenital 
hypothyroidism later in life. 

         Preface XI 
 

IV. ADRENAL GLANDS including the following chapters: 

 «Adrenal incidentaloma and adrenocortical carcinoma» by Dr. Sasaki Shigekazu 
et al.; an up-to-date review focused on the molecular mechanisms of negative 
regulation of the TSH beta gene by T3. 

 «Adrenal Cortex Tumors and Hyperplasias» by Prof. Pignatelli Duarte; a 
thorough revision on adrenal cortex tumors and  hyperplasias. 

 «Autoimmunity to steroid-producing cells» by Dr. Falorni Alberto et al; a review 
of the genetic basis of adrenal autoimmunity. 

 «Exrretion of Steroid Hormones in Rodent: An overview on species differences for 
new biomedical animal research models» by Dr. Busso Juan Manuel et al.; a 
review analyzing the routes of gonadal and adrenocortical steroid excretion based 
on data derived from wild , laboratory and farm rodents. 

V. METABOLIC BONE DISEASE including the following chapters: 

 «New trends in Calcium and Phosphorus metabolism. Hypoparathyroidism» by 
Dr. Puig-Domingo Manuel et al.; a review specialized on the regulation of the 
metabolism of calcium and phosphorus and their integrated pathways to 
maintain their levels within physiological limits. 

 «Monogenic phosphate balance disorders» by Dr. Raeder et al.; a review focused 
on phosphate disorders- diagnosis and treatment. 

 «Pseudohypoparathyroidism in Children» Dr. Nwosu Benjamin; a review focused 
on pseudohypoparathyroidism’s diagnosis , treatment and management in 
children. 

 «Retinoids and Bone» by Prof. Lerner Ulf et al.; a review on the impact of Vitamin 
A on bone remodeling, skeletal mass and osteoclast differentiation. 

We have learned that there is an endocrinology of elation and despair, a chemistry of 
mystical insight, and, in relation to the autonomic nervous system, a meteorology and 
even... an astro-physics of changing moods. - Aldous (Leonard) Huxley, Literature and 
Science (1963) 

 
Prof. Dr. Evanthia Diamanti-Kandarakis 

University of Athens Medical School, Sotiria Hospital, Athens,  
Greece  
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The Power of an Evolutionary Perspective in 
Studies of Endocrinology 

Jing He1, David M. Irwin1,2 and Ya-Ping Zhang1,3 

1State Key Laboratory of Genetic Resource and Evolution, Kunming Institute of Zoology, 
Chinese Academy of Sciences 

2Department of Laboratory Medicine and Pathobiology and Banting and Best Diabetes 
Centre, University of Toronto 

3Laboratory for Conservation and Utilization of Bioresource, Yunnan University 
1,3China 
2Canada  

1. Introduction 
Much of our understanding of the molecular basis of endocrinology has been the product of 
highly productive studies that have focused on specific molecules (e.g., hormones) and their 
specific immediate interacting partners. However, biomolecules are not isolated particles, 
but instead they are elements of highly integrated interaction networks, and specific 
interactions among them drive virtually all cellular functions and underlie phenotypic 
complexity and diversity. Many hormones, and their specific receptors and other interacting 
proteins, are known to be evolutionarily related, which raises intriguing questions 
concerning how specificity originated within these systems. 
Our previous studies have illustrated that biochemical entities are developmentally and 
evolutionarily fluid, with capabilities to be altered both in composition and behavior. Gene 
birth and death are widespread phenomena in genome evolution and accounts for the great 
diversity of gene families involved in endocrinology. While concordance of evolutionary 
histories both in pattern and process of hormones, receptors and interacting proteins might 
be expected for integrated systems, studies have shown that the evolutionary history of 
receptors need not mirror that of their ligands. Simultaneous emergence, or loss, of multiple 
interacting partners by multiple gene duplication or gene loss is unlikely in evolution. Gene 
duplication is essential in the development of complex endocrinology. It is creative in 
producing elements that allow evolutionary tinkering and thus plays a major role in gene 
co-option (i.e., recruitment for novel functions) facilitating the evolution of greater biological 
complexity. Alternatively, if an interacting partner is lost, the retained partner may either be 
subsequently lost or, more interestingly, serve as raw material in evolution and become 
recruited into a new interaction yielding a new function. Thus, a stepwise process of 
elaboration through mutation and optimization ensues, adapting genes (and their encoded 
proteins) into the physiology of an organism.  
Here we review several recent advances in our understanding of the evolution of hormone 
signalling pathways that illustrate the power of an evolutionary perspective. Among our 
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examples are the motilin and ghrelin signalling pathways where we have demonstrated that 
both the hormones (motilin and ghrelin) and their specific receptors descended from 
common ancestors through independent gene duplications. The motilin receptor originated 
well before the evolution of the hormone, and the motilin-motilin receptor specificity has 
arisen, as the result of ligand-receptor coevolution, after the hormone gene duplicated. 
Similarly, motilin and its specific receptor gene specifically lost on the rodent lineage 
followed a stepwise process. Once one of the interacting partners is lost, the retained partner 
may subsequently be lost, or serve as raw material in evolution and become recruited into a 
new function. 
Given the evolutionary dynamics of the genome and the plasticity of biomolecule networks, 
an evolutionary perspective is necessary to understand many aspects of the molecular basis 
of endocrinology. An integrated evolutionary comparative strategy helps enhance our 
understanding of the assemblage of the complex endocrine systems, provide important 
clues in interaction capacity exploration, and identify the main diversification events of the 
endocrine systems and potential cross-talk between them through evolutionary related 
interacting proteins. In addition, knowledge of how elements of the endocrine systems that 
underlie cellular functions are evolutionarily and developmentally interact, help not only in 
choosing appropriate species to examine function, but also provide genetic makers to probe 
the emergence of specific traits and characteristics, uncovering the genetic basis that 
underlie the morphological and behavior changes, and thus enhance our understanding of 
how organisms adapt to changing environments. 

2. The molecular basis of endocrine systems 
Endocrinology is the branch of biology that focuses on regulatory systems involving a group 
of specialized chemical substances called hormones that travel though blood. New 
developments in endocrinology have been dominated by progress in molecular genetics. 
Although these investigations often relate to rare single gene disorders, they have resulted 
in major advances in our understanding of the cellular mechanisms of hormone action 
(Cegla, Tan and Bloom 2010; Hodson et al. 2010; Peter and Vallo 1998). Most endocrinology 
studies are medically orientated, and thus anthropocentric, with little or no comparative or 
evolutionary perspective, and therefore provide few insights into our comprehension of the 
enigmatic origin and diversification of these systems (Markov et al. 2008).  
Much of our understanding of the molecular basis of endocrinology has come from highly 
productive studies that have focused on specific molecules and their immediate interacting 
partners, in fact, hormonal systems are a central part. Indeed the specificity of each hormone 
ligand and receptor pair is maintained in divergent species (Moyle et al. 1994), while 
biochemical entities are developmentally and evolutionarily fluid, with a much wider range 
of capabilities for alteration in both composition and behavior (Avise and Ayala 2007; 
Wilkins 2007). Thus intriguing questions concerning how the diversity and specificity occur 
within these systems remain to be answered.  
Genomes are documents of life history, and their structures continually change throughout 
evolution. Humans represent only a leaf on the tree of life. The anthropocentrism view of 
evolution, where humans are the pinnacle of gradually developed complexity, is a one-
sided and incorrect view (Markov et al. 2008). In the light of evolution, an approach that 
considers each taxa equally, adopts a comparative strategy, integrates information from 
diverse organisms and various scientific approaches, helps enhance our understanding of 
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the assemblage of the complex endocrine systems and the main events that have prompted 
their diversification, and yields better insight into their biological functions and potential 
cross-talk between them through evolutionary related interacting proteins.  

3. Evolutionary mechanisms for the diversification of endocrine systems 
Genomes are the entirety of organisms’ hereditary information, and encode all the 
information necessary to give rise to biomolecular products. The structure and content of 
genomes do not remain static, and continually change through evolutionary time. Major 
evolutionary mechanisms that have been instrumental in shaping the genome include gene 
duplication, gene loss and evolutionary shift.  

3.1 Gene duplication 
As genome size increases, gene content tends to increase, although at a disproportionately 
lower rate in eukaryotes compared to non-eukaryotes (Gregory 2005; Hou and Lin 2009; 
Konstantinidis and Tiedje 2004; Lynch and Conery 2003). The gene number increases with 
genome size, and morphological complexity is mostly generated by expanding the sizes of 
gene families rather than due to a growth of the number of unique gene types, hence 
multicellular organisms employ large sets of similar gene products while exhibiting 
extraordinary biodiversity. The elements of endocrine systems often group into families 
(e.g., hormones and their specific receptors), whose members have diverged to various 
extents in regulation and function (Danks et al. 2011; Hoffmann and Opazo 2011; Irwin 2010; 
Kim et al. 2011; Sundström, Dreborg and Larhammar 2010). 
Gene duplication is the most important mechanism for generating new genes and new 
biochemical processes and has facilitated the evolution of biodiversity and complexity (Li 
2006; Ohno 1970). The most obvious contribution is supplying the raw genetic material for 
the various evolutionary forces (e.g., mutation, genetic drift and natural selection) to act 
upon, which lead to specialized or new gene functions (Zhang 2003). Without gene 
duplication, the capability and plasticity of organisms in adapting to changing 
environments would be severely limited. Gene duplication can also contribute to species 
divergence (Ting et al. 2004) along with the origin of species-specific features (Zhang et al. 
2002). Duplication may involve part of gene, a single gene, part of a chromosome, an entire 
chromosome, or the whole genome. The first four scenarios are also known as regional 
duplications, because they do not result in a doubling of the entire genome. Hereinafter, the 
role of whole genome duplication and regional duplication will be discussed respectively. 

3.1.1 Whole genome duplication 
Genome duplication is often considered to be more important than regional duplication in 
evolution, as it allows for the duplication of the entire regulatory systems. Regional 
duplications, on the other hand, generally allow for part of a regulatory system to be 
duplicated, which may lead to imbalances that may disrupt normal function. The 
significance of whole genome duplication has been highlighted by the studies of 
invertebrate chordates and the base of vertebrate evolution (Garcia-Fernández and Holland 
1994), as well as fish diversification (Dehal and Boore 2005; Jaillon et al. 2004). Genome 
duplication facilitated the appearance and diversification of complex features, such as the 
endocrine system (Holland et al. 2008). The amphioxus genome exhibits considerable 
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examples are the motilin and ghrelin signalling pathways where we have demonstrated that 
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Similarly, motilin and its specific receptor gene specifically lost on the rodent lineage 
followed a stepwise process. Once one of the interacting partners is lost, the retained partner 
may subsequently be lost, or serve as raw material in evolution and become recruited into a 
new function. 
Given the evolutionary dynamics of the genome and the plasticity of biomolecule networks, 
an evolutionary perspective is necessary to understand many aspects of the molecular basis 
of endocrinology. An integrated evolutionary comparative strategy helps enhance our 
understanding of the assemblage of the complex endocrine systems, provide important 
clues in interaction capacity exploration, and identify the main diversification events of the 
endocrine systems and potential cross-talk between them through evolutionary related 
interacting proteins. In addition, knowledge of how elements of the endocrine systems that 
underlie cellular functions are evolutionarily and developmentally interact, help not only in 
choosing appropriate species to examine function, but also provide genetic makers to probe 
the emergence of specific traits and characteristics, uncovering the genetic basis that 
underlie the morphological and behavior changes, and thus enhance our understanding of 
how organisms adapt to changing environments. 

2. The molecular basis of endocrine systems 
Endocrinology is the branch of biology that focuses on regulatory systems involving a group 
of specialized chemical substances called hormones that travel though blood. New 
developments in endocrinology have been dominated by progress in molecular genetics. 
Although these investigations often relate to rare single gene disorders, they have resulted 
in major advances in our understanding of the cellular mechanisms of hormone action 
(Cegla, Tan and Bloom 2010; Hodson et al. 2010; Peter and Vallo 1998). Most endocrinology 
studies are medically orientated, and thus anthropocentric, with little or no comparative or 
evolutionary perspective, and therefore provide few insights into our comprehension of the 
enigmatic origin and diversification of these systems (Markov et al. 2008).  
Much of our understanding of the molecular basis of endocrinology has come from highly 
productive studies that have focused on specific molecules and their immediate interacting 
partners, in fact, hormonal systems are a central part. Indeed the specificity of each hormone 
ligand and receptor pair is maintained in divergent species (Moyle et al. 1994), while 
biochemical entities are developmentally and evolutionarily fluid, with a much wider range 
of capabilities for alteration in both composition and behavior (Avise and Ayala 2007; 
Wilkins 2007). Thus intriguing questions concerning how the diversity and specificity occur 
within these systems remain to be answered.  
Genomes are documents of life history, and their structures continually change throughout 
evolution. Humans represent only a leaf on the tree of life. The anthropocentrism view of 
evolution, where humans are the pinnacle of gradually developed complexity, is a one-
sided and incorrect view (Markov et al. 2008). In the light of evolution, an approach that 
considers each taxa equally, adopts a comparative strategy, integrates information from 
diverse organisms and various scientific approaches, helps enhance our understanding of 
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the assemblage of the complex endocrine systems and the main events that have prompted 
their diversification, and yields better insight into their biological functions and potential 
cross-talk between them through evolutionary related interacting proteins.  

3. Evolutionary mechanisms for the diversification of endocrine systems 
Genomes are the entirety of organisms’ hereditary information, and encode all the 
information necessary to give rise to biomolecular products. The structure and content of 
genomes do not remain static, and continually change through evolutionary time. Major 
evolutionary mechanisms that have been instrumental in shaping the genome include gene 
duplication, gene loss and evolutionary shift.  

3.1 Gene duplication 
As genome size increases, gene content tends to increase, although at a disproportionately 
lower rate in eukaryotes compared to non-eukaryotes (Gregory 2005; Hou and Lin 2009; 
Konstantinidis and Tiedje 2004; Lynch and Conery 2003). The gene number increases with 
genome size, and morphological complexity is mostly generated by expanding the sizes of 
gene families rather than due to a growth of the number of unique gene types, hence 
multicellular organisms employ large sets of similar gene products while exhibiting 
extraordinary biodiversity. The elements of endocrine systems often group into families 
(e.g., hormones and their specific receptors), whose members have diverged to various 
extents in regulation and function (Danks et al. 2011; Hoffmann and Opazo 2011; Irwin 2010; 
Kim et al. 2011; Sundström, Dreborg and Larhammar 2010). 
Gene duplication is the most important mechanism for generating new genes and new 
biochemical processes and has facilitated the evolution of biodiversity and complexity (Li 
2006; Ohno 1970). The most obvious contribution is supplying the raw genetic material for 
the various evolutionary forces (e.g., mutation, genetic drift and natural selection) to act 
upon, which lead to specialized or new gene functions (Zhang 2003). Without gene 
duplication, the capability and plasticity of organisms in adapting to changing 
environments would be severely limited. Gene duplication can also contribute to species 
divergence (Ting et al. 2004) along with the origin of species-specific features (Zhang et al. 
2002). Duplication may involve part of gene, a single gene, part of a chromosome, an entire 
chromosome, or the whole genome. The first four scenarios are also known as regional 
duplications, because they do not result in a doubling of the entire genome. Hereinafter, the 
role of whole genome duplication and regional duplication will be discussed respectively. 

3.1.1 Whole genome duplication 
Genome duplication is often considered to be more important than regional duplication in 
evolution, as it allows for the duplication of the entire regulatory systems. Regional 
duplications, on the other hand, generally allow for part of a regulatory system to be 
duplicated, which may lead to imbalances that may disrupt normal function. The 
significance of whole genome duplication has been highlighted by the studies of 
invertebrate chordates and the base of vertebrate evolution (Garcia-Fernández and Holland 
1994), as well as fish diversification (Dehal and Boore 2005; Jaillon et al. 2004). Genome 
duplication facilitated the appearance and diversification of complex features, such as the 
endocrine system (Holland et al. 2008). The amphioxus genome exhibits considerable 
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synteny with the human genome, but lacks the whole-genome duplications characteristic of 
vertebrates (Dehal and Boore 2005). Holland et al. (2008) examined the existence of 
endocrine components based on the amphioxus genome, and reasoned that ancestral 
chordate only possess a basic set of endocrine functions. Hereby a fully functional endocrine 
system must have arisen after the divergence of cephalochordate, which was driven in all 
probability by subsequent genome duplications.  

3.1.2 Regional duplication 
While whole genome duplication events are not uncommon, nevertheless they only 
infrequently contribute to the evolution of well-developed bisexual organisms, as they likely 
disrupt the mechanism of sex determination and would be quickly eliminated (Li 1997). 
Regional duplications make up the gap, providing new genetic material for local elaboration 
and optimization, and fuel the evolution of lineage-specific variability (Li 1997; Ohno 1970). 
Whole genome duplications and small-scale duplications have very different consequences. 
Selective retention of different duplicates, and enrichment of signaling proteins and 
transcription factors, have been observed in yeast, plants, early vertebrate and fish following 
whole genome duplications (Conant 2010; Gout, Duret and Kahn 2009; Huminiecki and 
Heldin 2010; Kassahn et al. 2009; Manning and Scheeff 2010). This indicates that the 
individual duplication of signaling proteins and transcriptional regulators may be 
deleterious, since interactions between them are relatively transient and subtle, requiring a 
dosage balance from the whole genome duplication to survive. It is reasonably to expect 
that, simultaneous duplications of ligands and downstream signaling genes are required to 
allow the expansion of the complex endocrine systems. As it is, only part of the regulatory 
system has been duplicated in regional duplication, then, what are the evolutionary 
consequences of such an imbalanced outcome? 

3.2 Gene loss 
Studies on genome evolution have focused on the creation of new genes, including changes 
in regulatory mechanisms, and often neglect the role of selective gene loss in shaping these 
genomes. Gene loss or pseudogenization is a widespread phenomenon in genome evolution 
(Wang, Grus and Zhang 2006). The differential fixation of mutational gene loss after genome 
duplication illustrates the power of these types of events (Semyonov et al. 2008; van Hoek 
and Hogeweg 2009). Within gene families gene turnover, caused by differential gene gain 
and loss, leads to diverse patterns of gene distributions on different lineages, and 
contributes significantly to the evolution of biodiversity and may be the basis for 
reproductive isolation and speciation in geographically isolated populations (Gagneux and 
Varki 2001; Gout, Duret and Kahn 2009; Hahn, Demuth and Han 2007; Kettler et al. 2007; 
Powell et al. 2008). Sometimes, the ubiquitous, and near-stochastic, gene loss process can 
lead to the loss of single copy genes. By taking advantages of the availability of large 
amounts of vertebrate genomic information, it has been shown that many important human 
endocrine genes have been found to be missing or inactivated in other vertebrates, and vice 
versa (He et al. 2010; Irwin 2010; Pitel et al. 2010). In the same way, evolutionary 
comparisons among different taxa can help identify novel elements of endocrine systems 
that are not possessed by model animals. Endocrine entities are not isolated particles, but 
are elements of highly integrated interaction networks, and play their role through specific 
interactions (Carroll, Bridgham and Thornton 2008). As a random process, the simultaneous 
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loss of multiple interacting partners is unlikely, despite the intimate association between 
them. Gene loss, a dramatic genetic event, leads to the immediate loss of specific 
interactions, and probably affects interaction turnover as greatly as gene duplication. If a 
signaling protein is lost, then what are the evolutionary consequences for the retained 
partners?  

3.3 Evolutionary shift 
Genes are not only duplicated and lost, there are many genes which have been conserved and 
are unambiguous orthologues in a wide variety of taxonomic species, but evolutionary shifts 
occur frequently and orthologues genes can have distinct functions in different taxa 
(Macqueen et al. 2010; Zhou et al. 2008). Species adapt to diverse ecosystems and 
environments, and have differing genetic backgrounds. As selective constraints vary, it 
impacts the pattern of gene evolution, and changes in selection can yield changes in function 
(Irwin 2001). In some cases, positive selection appears to underlie the evolutionary shift (Wallis 
2001; Liu et al. 2001); while in others, inefficient purifying selection and increased genetic drift, 
associated with a reduction in effective population size, are the cause (Macqueen et al. 2010).  
The genetic network of the endocrine systems are developmentally and evolutionarily 
fictile, the elemental composition is prone to be altered via gene gain and loss, and its 
physiological properties frequently change through mutations in endocrine gene coding 
sequences and/or regulatory systems, and turnover of interacting biomolecules. Using a 
comparative strategy, integrating information on species phylogenetic relationships, gene 
evolutionary history, gene sequences and functional properties such as expression, 
interaction and physiological data, should enhance our understanding of how they evolved 
and yield better insight into their biological functions. The large amounts of accumulating 
genetic information is a powerful resource for addressing these questions. 

4. Case studies for evolutionary endocrinology: Lessons from the 
motilin/ghrelin hormone family and their receptors 
4.1 Gene duplication plays a major role in gene co-option 
4.1.1 Ghrelin and motilin  
Ghrelin and motilin represent a novel gastrointestinal hormone family in mammals (Inui 
2001). Not only are ghrelin and motilin structurally related, but, the sequence and overall 
structure of their precursor genes show considerable similarity (Fig. 1).  
Ghrelin is derived by posttranslational cleavage from its precursor preproghrelin (GHRL), 
and is a circulating peptide hormone that is secreted mainly by the stomach and acts upon 
the hypothalamus and hindbrain (Nakazato et al. 2001; Kojima and Kangawa 2005). Growth 
hormone secretagogue receptor (GHSR) is the specific receptor for ghrelin and a G protein-
coupled receptor, and upon stimulation releases growth hormone (GH) from the pituitary 
(Howard et al. 1996; Kojima et al. 1999; Sun, Ahmed and Smith 2003). Evidence from 
mammals suggests that ghrelin also acts to stimulate gastric motility, increase appetite and 
food intake, and induce a positive energy balance leading to body weight gain (Murray et al. 
2003; Peeters 2005). Prepromotilin (MLN) is posttranslationaly processed to yield a secreted 
peptide that is then cleaved at a paired basic amino acid site and gives rise to motilin 
(Poitras 1993). Motilin primarily acts to increase gastrointestinal motility by activating 
neural pathways or via the direct stimulation of smooth muscles. In human and dog it has 
been suggested that motilin has a physiological role in the regulation of a motor pattern 
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synteny with the human genome, but lacks the whole-genome duplications characteristic of 
vertebrates (Dehal and Boore 2005). Holland et al. (2008) examined the existence of 
endocrine components based on the amphioxus genome, and reasoned that ancestral 
chordate only possess a basic set of endocrine functions. Hereby a fully functional endocrine 
system must have arisen after the divergence of cephalochordate, which was driven in all 
probability by subsequent genome duplications.  

3.1.2 Regional duplication 
While whole genome duplication events are not uncommon, nevertheless they only 
infrequently contribute to the evolution of well-developed bisexual organisms, as they likely 
disrupt the mechanism of sex determination and would be quickly eliminated (Li 1997). 
Regional duplications make up the gap, providing new genetic material for local elaboration 
and optimization, and fuel the evolution of lineage-specific variability (Li 1997; Ohno 1970). 
Whole genome duplications and small-scale duplications have very different consequences. 
Selective retention of different duplicates, and enrichment of signaling proteins and 
transcription factors, have been observed in yeast, plants, early vertebrate and fish following 
whole genome duplications (Conant 2010; Gout, Duret and Kahn 2009; Huminiecki and 
Heldin 2010; Kassahn et al. 2009; Manning and Scheeff 2010). This indicates that the 
individual duplication of signaling proteins and transcriptional regulators may be 
deleterious, since interactions between them are relatively transient and subtle, requiring a 
dosage balance from the whole genome duplication to survive. It is reasonably to expect 
that, simultaneous duplications of ligands and downstream signaling genes are required to 
allow the expansion of the complex endocrine systems. As it is, only part of the regulatory 
system has been duplicated in regional duplication, then, what are the evolutionary 
consequences of such an imbalanced outcome? 

3.2 Gene loss 
Studies on genome evolution have focused on the creation of new genes, including changes 
in regulatory mechanisms, and often neglect the role of selective gene loss in shaping these 
genomes. Gene loss or pseudogenization is a widespread phenomenon in genome evolution 
(Wang, Grus and Zhang 2006). The differential fixation of mutational gene loss after genome 
duplication illustrates the power of these types of events (Semyonov et al. 2008; van Hoek 
and Hogeweg 2009). Within gene families gene turnover, caused by differential gene gain 
and loss, leads to diverse patterns of gene distributions on different lineages, and 
contributes significantly to the evolution of biodiversity and may be the basis for 
reproductive isolation and speciation in geographically isolated populations (Gagneux and 
Varki 2001; Gout, Duret and Kahn 2009; Hahn, Demuth and Han 2007; Kettler et al. 2007; 
Powell et al. 2008). Sometimes, the ubiquitous, and near-stochastic, gene loss process can 
lead to the loss of single copy genes. By taking advantages of the availability of large 
amounts of vertebrate genomic information, it has been shown that many important human 
endocrine genes have been found to be missing or inactivated in other vertebrates, and vice 
versa (He et al. 2010; Irwin 2010; Pitel et al. 2010). In the same way, evolutionary 
comparisons among different taxa can help identify novel elements of endocrine systems 
that are not possessed by model animals. Endocrine entities are not isolated particles, but 
are elements of highly integrated interaction networks, and play their role through specific 
interactions (Carroll, Bridgham and Thornton 2008). As a random process, the simultaneous 
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loss of multiple interacting partners is unlikely, despite the intimate association between 
them. Gene loss, a dramatic genetic event, leads to the immediate loss of specific 
interactions, and probably affects interaction turnover as greatly as gene duplication. If a 
signaling protein is lost, then what are the evolutionary consequences for the retained 
partners?  

3.3 Evolutionary shift 
Genes are not only duplicated and lost, there are many genes which have been conserved and 
are unambiguous orthologues in a wide variety of taxonomic species, but evolutionary shifts 
occur frequently and orthologues genes can have distinct functions in different taxa 
(Macqueen et al. 2010; Zhou et al. 2008). Species adapt to diverse ecosystems and 
environments, and have differing genetic backgrounds. As selective constraints vary, it 
impacts the pattern of gene evolution, and changes in selection can yield changes in function 
(Irwin 2001). In some cases, positive selection appears to underlie the evolutionary shift (Wallis 
2001; Liu et al. 2001); while in others, inefficient purifying selection and increased genetic drift, 
associated with a reduction in effective population size, are the cause (Macqueen et al. 2010).  
The genetic network of the endocrine systems are developmentally and evolutionarily 
fictile, the elemental composition is prone to be altered via gene gain and loss, and its 
physiological properties frequently change through mutations in endocrine gene coding 
sequences and/or regulatory systems, and turnover of interacting biomolecules. Using a 
comparative strategy, integrating information on species phylogenetic relationships, gene 
evolutionary history, gene sequences and functional properties such as expression, 
interaction and physiological data, should enhance our understanding of how they evolved 
and yield better insight into their biological functions. The large amounts of accumulating 
genetic information is a powerful resource for addressing these questions. 

4. Case studies for evolutionary endocrinology: Lessons from the 
motilin/ghrelin hormone family and their receptors 
4.1 Gene duplication plays a major role in gene co-option 
4.1.1 Ghrelin and motilin  
Ghrelin and motilin represent a novel gastrointestinal hormone family in mammals (Inui 
2001). Not only are ghrelin and motilin structurally related, but, the sequence and overall 
structure of their precursor genes show considerable similarity (Fig. 1).  
Ghrelin is derived by posttranslational cleavage from its precursor preproghrelin (GHRL), 
and is a circulating peptide hormone that is secreted mainly by the stomach and acts upon 
the hypothalamus and hindbrain (Nakazato et al. 2001; Kojima and Kangawa 2005). Growth 
hormone secretagogue receptor (GHSR) is the specific receptor for ghrelin and a G protein-
coupled receptor, and upon stimulation releases growth hormone (GH) from the pituitary 
(Howard et al. 1996; Kojima et al. 1999; Sun, Ahmed and Smith 2003). Evidence from 
mammals suggests that ghrelin also acts to stimulate gastric motility, increase appetite and 
food intake, and induce a positive energy balance leading to body weight gain (Murray et al. 
2003; Peeters 2005). Prepromotilin (MLN) is posttranslationaly processed to yield a secreted 
peptide that is then cleaved at a paired basic amino acid site and gives rise to motilin 
(Poitras 1993). Motilin primarily acts to increase gastrointestinal motility by activating 
neural pathways or via the direct stimulation of smooth muscles. In human and dog it has 
been suggested that motilin has a physiological role in the regulation of a motor pattern 
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typical for the fasted state (Poitras 1993). It is of interest to note that motilin also has a weak 
GH-releasing effect (Samson et al. 1984). GPR38, an orphan G protein coupled receptor, was 
identified as the motilin receptor, MLNR, through a remarkable process of reverse 
pharmacology (Feighner et al 1999). GHSR and MLNR, whose sequences are very similar, 
are members of the β-group of rhodopsin-like receptor family (Holst et al. 2004). 
Despite the very close resemblance of the hormones and receptors, to date there is no 
evidence for any cross-reactivity between the ligands, which corresponds to the fact that the 
pharmacophore of the peptides are quite different (Peeters 2005). Octanoylation of serine3 is 
a unique and crucially important feature of ghrelin and studies have demonstrated that 
without the octanoyl group the potency of GHRL is dramatically decreased (Peeters 2005; 
Kaiya et al. 2001).  

4.1.2 Evolution of the motilin/ghrelin hormone gene family 
Genes for ghrelin have been cloned from a number of vertebrate species. Using bioinformatic 
methods, we have identified additional ghrelin gene sequences from diverse mammalian 
species and a frog Xenopus tropicalis (Table 1). Motilin genes have only been identified and 
characterized in mammals and birds, even after the use of bioinformatic approaches (Table 2). 
Ghrelin and motilin genes are both single copy genes in all of the species studied, and reside in 
conserved gene neighborhoods respectively, strongly supporting their orthology. The amino 
acid sequences of ghrelin are well conserved among species, especially in the N terminal 
region, and the same principle holds for motilin (Table 1-2). Interestingly, when the 
comparative genomic analysis was conducted between human and other vertebrates (chicken, 
X. tropicalis, medaka, tetraodon, and zebrafish) aimed at the GHRL and MLN neighborhood 
regions, it was revealed that homologs of the human GHRL and MLN flanking genes, which 
are located on different chromosomes in amniotes, were found to reside on the same 
chromosome near the GHRL locus in medaka, tetraodon, zebrafish, and X. tropicalis. This 
observation suggests that there was a duplication of the GHRL gene yielding MLN on the 
amniote lineage however there was no overlap in the genomic neighborhoods for GHRL and 
MLN. We could not identify any sequences similar to ghrelin and/or motilin genes in the 
recently released lamprey and deuterostome draft genomes. GHRL sequences from fish and 
amphibians posses only a single putative endoproteinase recognition site C-terminal to the 
signal peptidase cleavage site, thus can produce only a single posttranslational-processed 
peptide, ghrelin. In contrast, GHRL of amniotes (reptiles, birds, and mammals) possess three 
putative endoproteinase recognition sites, potentially giving rise to a second posttranslational-
processed peptide, a 24-residue ghrelin-associated peptide (Fig. 1). The second peptide has 
recently been identified to be obestatin in mammals (Zhang et al. 2005). All MLNs, which are 
only found in reptiles, birds and mammals, possess three putative endoproteinase recognition 
sites, thus potentially give rise to two posttranslational-processed peptides, motilin and a 17-
residue peptide in a position homologous to obestatin (Fig 1). Phylogenetic analysis revealed 
that bullfrog GHRL groups with amniote MLN rather than amnitote GHRL, although the 
bootstrap support for this conclusion is low (Fig. 2).  
Based on the distribution of GHRL and MLN genes in the species studied, comparative 
genomics analysis between human and other vertebrates, and endoproteinase cleavage sites 
distribution in GHRL/MLN genes, we surmise that MLN was generated by a gene 
duplication on the early amniote lineage as illustrated in figure 2 (He et al. 2011). Other 
potential evolutionary scenarios (e.g., duplication prior to the fish-tetrapod divergence) 
require a larger number of gene deletion events along with parallel gain or loss of 
endopeptidease cleavage sites, and thus are less parsimonious. 
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Species Ghrelin sequence Obestatin homolog sequence 

Homo sapiens GSSFLSPEHQRVQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Pan troglodytes GSSFLSPEHQRVQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Pongo pygmaeus GSSFLSPEHQRVQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Hylobates lar GSSFLSPEHQRVQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Macaca fuscata GSSFLSPEHQRAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Papio hamadryas GSSFLSPEHQRAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Saimiri sciureus GSSFLSPEHQRIQQRKESKKPPA
KLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Macaca mulatta GSSFLSPEHQRAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Otolemur garnettii GSSFLSPDHQKIQQRKESKKPPA
KLQP 

FNSPLDVGIKLSGAQYQQHS
QALG 

Cebus paella GSSFLSPEHQRMQQRKESKKPP
AKLQS 

FNVPFDVGIKLSGVQYQQHS
QALG 

Aotus trivirgatus GSSFLSPEHQRIQQRKESKKPPA
KLQP 

FNAPFDVGIKLSGIQYQQHSQ
ALG 

Mesocricetus 
auratus 

GSSFLSPEHQKAQQRKESKKPQ
AKLQP 

FNAPFDVGIKLSGAQYQQHG
RALG 

Mus musculus GSSFLSPEHQKAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGAQYQQHG
RALG 

Rattus norvegicus GSSFLSPEHQKAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGAQYQQHG
RALG 

Meriones 
unguiculatus 

GSSFLSPEHQKTQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGAQYQQHG
RALG 

Oryctolagus 
cuniculus 

GSSFLSPEHQKAQQRKDAKKPP
ARLQP  
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typical for the fasted state (Poitras 1993). It is of interest to note that motilin also has a weak 
GH-releasing effect (Samson et al. 1984). GPR38, an orphan G protein coupled receptor, was 
identified as the motilin receptor, MLNR, through a remarkable process of reverse 
pharmacology (Feighner et al 1999). GHSR and MLNR, whose sequences are very similar, 
are members of the β-group of rhodopsin-like receptor family (Holst et al. 2004). 
Despite the very close resemblance of the hormones and receptors, to date there is no 
evidence for any cross-reactivity between the ligands, which corresponds to the fact that the 
pharmacophore of the peptides are quite different (Peeters 2005). Octanoylation of serine3 is 
a unique and crucially important feature of ghrelin and studies have demonstrated that 
without the octanoyl group the potency of GHRL is dramatically decreased (Peeters 2005; 
Kaiya et al. 2001).  

4.1.2 Evolution of the motilin/ghrelin hormone gene family 
Genes for ghrelin have been cloned from a number of vertebrate species. Using bioinformatic 
methods, we have identified additional ghrelin gene sequences from diverse mammalian 
species and a frog Xenopus tropicalis (Table 1). Motilin genes have only been identified and 
characterized in mammals and birds, even after the use of bioinformatic approaches (Table 2). 
Ghrelin and motilin genes are both single copy genes in all of the species studied, and reside in 
conserved gene neighborhoods respectively, strongly supporting their orthology. The amino 
acid sequences of ghrelin are well conserved among species, especially in the N terminal 
region, and the same principle holds for motilin (Table 1-2). Interestingly, when the 
comparative genomic analysis was conducted between human and other vertebrates (chicken, 
X. tropicalis, medaka, tetraodon, and zebrafish) aimed at the GHRL and MLN neighborhood 
regions, it was revealed that homologs of the human GHRL and MLN flanking genes, which 
are located on different chromosomes in amniotes, were found to reside on the same 
chromosome near the GHRL locus in medaka, tetraodon, zebrafish, and X. tropicalis. This 
observation suggests that there was a duplication of the GHRL gene yielding MLN on the 
amniote lineage however there was no overlap in the genomic neighborhoods for GHRL and 
MLN. We could not identify any sequences similar to ghrelin and/or motilin genes in the 
recently released lamprey and deuterostome draft genomes. GHRL sequences from fish and 
amphibians posses only a single putative endoproteinase recognition site C-terminal to the 
signal peptidase cleavage site, thus can produce only a single posttranslational-processed 
peptide, ghrelin. In contrast, GHRL of amniotes (reptiles, birds, and mammals) possess three 
putative endoproteinase recognition sites, potentially giving rise to a second posttranslational-
processed peptide, a 24-residue ghrelin-associated peptide (Fig. 1). The second peptide has 
recently been identified to be obestatin in mammals (Zhang et al. 2005). All MLNs, which are 
only found in reptiles, birds and mammals, possess three putative endoproteinase recognition 
sites, thus potentially give rise to two posttranslational-processed peptides, motilin and a 17-
residue peptide in a position homologous to obestatin (Fig 1). Phylogenetic analysis revealed 
that bullfrog GHRL groups with amniote MLN rather than amnitote GHRL, although the 
bootstrap support for this conclusion is low (Fig. 2).  
Based on the distribution of GHRL and MLN genes in the species studied, comparative 
genomics analysis between human and other vertebrates, and endoproteinase cleavage sites 
distribution in GHRL/MLN genes, we surmise that MLN was generated by a gene 
duplication on the early amniote lineage as illustrated in figure 2 (He et al. 2011). Other 
potential evolutionary scenarios (e.g., duplication prior to the fish-tetrapod divergence) 
require a larger number of gene deletion events along with parallel gain or loss of 
endopeptidease cleavage sites, and thus are less parsimonious. 
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Species Ghrelin sequence Obestatin homolog sequence 

Homo sapiens GSSFLSPEHQRVQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Pan troglodytes GSSFLSPEHQRVQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Pongo pygmaeus GSSFLSPEHQRVQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Hylobates lar GSSFLSPEHQRVQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Macaca fuscata GSSFLSPEHQRAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Papio hamadryas GSSFLSPEHQRAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Saimiri sciureus GSSFLSPEHQRIQQRKESKKPPA
KLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Macaca mulatta GSSFLSPEHQRAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGVQYQQHS
QALG 

Otolemur garnettii GSSFLSPDHQKIQQRKESKKPPA
KLQP 

FNSPLDVGIKLSGAQYQQHS
QALG 

Cebus paella GSSFLSPEHQRMQQRKESKKPP
AKLQS 

FNVPFDVGIKLSGVQYQQHS
QALG 

Aotus trivirgatus GSSFLSPEHQRIQQRKESKKPPA
KLQP 

FNAPFDVGIKLSGIQYQQHSQ
ALG 

Mesocricetus 
auratus 

GSSFLSPEHQKAQQRKESKKPQ
AKLQP 

FNAPFDVGIKLSGAQYQQHG
RALG 

Mus musculus GSSFLSPEHQKAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGAQYQQHG
RALG 

Rattus norvegicus GSSFLSPEHQKAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGAQYQQHG
RALG 

Meriones 
unguiculatus 

GSSFLSPEHQKTQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGAQYQQHG
RALG 

Oryctolagus 
cuniculus 

GSSFLSPEHQKAQQRKDAKKPP
ARLQP  

Felis catus GSSFLSPEHQKVQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGAQYHQHG
QALG 

Canis familiaris GSSFLSPEHQKLQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGPQYHQHG
QALG 

Equus caballus GSSFLSPEHHKVQHRKESKKPP
AKLKP 

FNAPFDVGIKLSGAQYHQHS
QALG 

Rangifer tarandus GSSFLSPEHQKLQRKEPKKPSGR
LKP 

FNAPFDIGIKLSGAQSLQHGQ
TLG 

Capra hircus GSSFLSPEHQKLQRKEPKKPSGR
LKP 

FNAPFNIGIKLSGAQSLQHGQ
TLG 

Ovis aries GSSFLSPEHQKLQRKEPKKPSGR
LKP 

FNAPFNIGIKLSGAQSLQHGQ
TLG 

Bos taurus GSSFLSPEHQKLQRKEAKKPSG FNAPFNIGIKLAGAQSLQHG
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Species Ghrelin sequence Obestatin homolog sequence 
RLKP QTLG 

Bubalus bubalis GSSFLSPEHQKLQRKEPKKPSGR
LKP 

FNAPFNIGIKLSGAQSLQHGQ
TLG 

Ailuropoda 
melanoleuca 

GSSFLSPEHQKVQRKESKKPPA
KLQP 

FNAPFDVGIKLSGAQYQEHG
QALG 

Sus scrofa GSSFLSPEHQKVQQRKESKKPA
AKLKP 

FNAPCDVGIKLSGAQSDQHG
QPLG 

Kogia breviceps GSSFLSPEHQKLQRKEAKKPSG
RLKP  

Myotis lucifugus GSSFLSPEHQKAQQRKESKKPP
AKLQP 

FNAPFDVGIKLSGAQSHWHG
QALG 

Erinaceus 
europaeus 

GSSFLSPEHQKGQQRKEPKKPP
GKVQP 

FSAPFDVGLRLSGAQYEQHG
EALR 

Dasypus 
novemcinctus 

GSSFLSPEHQKTQLRKEFKKPAT
KLQP 

FNAPFDVGIKLSGAQYQQHG
RSLG 

Echinops telfairi GSSFLSPGHPKVQPQRKESKTPA
GKLQA 

FNVPFDIGIKVSVAQYGEHGR
ALD 

Loxodonta africana GSSFLSPKNQKLQQRKESKKPP
AKLQP  

Monodelphis 
domestica 

GSSFLSPEHPKTQRKETKKPSVK
LQP 

FNAPFDIGIKVAEAQYQQYG
HALE 

Gallus gallus GSSFLSPTYKNIQQQKDTRKPTA
RLH 

FNVPFEIGVKITEREYQEYGQ
ALE 

Meleagris 
gallopavo 

GSSFLSPAYKNIQQQKDTRKPT
ARLHP 

FNVPFEIGVKITEREYQEYGQ
ALE 

Anas 
platyrhynchos 

GSSFLSPEFKKIQQQNDPTKTTA
KIH 

FHVPFEIGVKITEEEYQEYGQ
TLE 

Anser sp. GSSFLSPEFKKIQQQNDPAKAT
AKIH 

FNVPFEIGVKITEEEYQEYGQ
TLE 

Dromaius 
novaehollandiae 

GSSFLSPDYKKIQQRKDPRKPTT
KLH 

FNVPFEIGVKITEEQYQEYGQ
MLE 

Trachemys scripta 
elegans 

GSSFLSPEYQNTQQRKDPKKHT
KLN 

LNVPFEIGVKITEDQYQEYGQ
VLE 

Rana catesbeiana GLTFLSPADMQKIAERQSQNKL
RHGNMN  

Rana esculenta GLTFLSPADMRKIAERQSQNKL
RHGNMN  

Danio rerio GTSFLSPTQKPQGRRPPRVG  

Carassius auratus GTSFLSPAQKPQGRRPPRMG  

Ictalurus punctatus GSSFLSPTQKPQNRGDRKPPRV
G  

Oreochromis 
mossambicus GSSFLSPSQKPQNKVKSSRIG  
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Species Ghrelin sequence Obestatin homolog sequence 
Oreochromis 
niloticus GSSFLSPSQKPQNKVKSSRIG  

Oncorhynchus 
mykiss GSSFLSPSQKPQGKGKPPRVG  

Acanthopagrus 
schlegelii GSSFLSPSQKPQNRGKSSRVG  

Anguilla japonica GSSFLSPSQRPQGKDKKPPRVG  

Table 1. Bioactive peptide sequences from diverse vertebrata ghrelin gene. 

 

Species Motilin sequence 

Homo sapiens FVPIFTYGELQRMQEKERNKGQ 

Pan troglodytes FVPIFTYGELQRMQEKERNKGQ 

Macaca mulatta FVPIFTYGELQRMQEKERSKGQ 

Cavia porcellus FVPIFTYSELRRTQEREQNKRL 

Oryctolagus cuniculus FVPIFTYSELQRMQERERNRGH 

Felis catus FVPIFTHSELQRIREKERNKGQ 

Canis familiaris FVPIFTHSELQKIREKERNKGQ 

Ovis aries FVPIFTYGEVQRMQEKERYKGQ 

Bos taurus FVPIFTYGEVRRMQEKERYKGQ 

Sus scrofa FVPSFTYGELQRMQEKERNKGQ 

Equus caballus FVPIFTYSELQRMQEKERNRGQ 

Myotis lucifugus FVPIFTHSELQRMQEKERNKEQ 

Dasypus novemcinctus FVPIFTYSELQRMQEKEWNKGQ 

Loxodonta africana FVPIFTYSEIRRMQERERNNGQ 

Monodelphis domestica FVPIFTYSDVQRMQEKERNKGQ 

Ornithorhynchus anatinus FIPIFTHSDVQRMQERERNKGQ 

Gallus gallus FVPFFTQSDIQKMQEKERNKGQ 

Table 2. Bioactive peptide sequences from diverse vertebrata motlin gene. 
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Fig. 1. Schematic representation of ghrelin and motilin preproproteins. The preproproteins 
of ghrelin and motilin are represented by boxes divided into protein domains, proportional 
to their length. The open and filled triangles indicate the locations of cleavage sites used by 
signal peptidase and proprotein convertase, respectively. The sequences of the putative 
endoproteinase cleavage sites of various vertebrate classes are shown bellow. Alternative 
processing sites in birds and bony fish are indicated, “↑” denotes intron position with intron 
phase shown beside the arrow. SP, signal peptide. “/”, lack of putative endoproteinase 
recognition sites. 
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Fig. 2. Schematic representation of the motilin/ghrelin gene family phylogenetic 
relationships. Bootstrap percentages are shown on interior branches. GHRL, preproghrelin. 
MLN, prepromotilin.  
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relationships. Bootstrap percentages are shown on interior branches. GHRL, preproghrelin. 
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4.1.3 Evolution of ghrelin and motilin receptors 
Only a small number of Ghrelin and motilin receptor genes are known and most of these are 
from mammals, with ortholog from only two species of fish having previously being 
characterized (Palyha et al. 2000; Chan and Cheng 2004). Our bioinformatic searches of 
diverse vertebrate genomes resulted in the identification of a great number of potential 
receptors. The orthology of the different receptors was established using analysis of synteny 
of the genes. In combination with phylogenetic reconstruction, the monophyly of each 
receptor type was established, and no more than one copy of each type of receptor was 
identified in any of the studied species. GHSR and MLNR are more closely related to each 
other than they are to any other characterized receptor, and the gene duplication that 
generated them happened more than 450 million years ago, before the divergence of ray-
finned fish and tetrapods (He et al. 2011). Through comparative and evolutionary analyses, 
we found a new type of receptor in fish, which does not have an ortholog in any non-fish 
vertebrate. The function of this new receptor is unknown. The sequence of this new receptor 
has some peculiarities, such as possessing long extracellular loops 2 and 3, which are about 
100 residues longer than the analogous loops in GHSR and MLNR (He et al. 2011). Residues 
at both ends of these loops have been shown to be functionally important for hormone 
binding and action in homologous receptors; however, the function of these residues in the 
loops of these novel receptors is not clear (Matsuura, Dong and Miller 2002).  
Studies have shown that the GHSR orthologs in fish can be activated by growth hormone 
secretagogues (GHSs), while MLNR orthologs in fish failed to be activated by GHSs or 
mammalian motilin (Palyha et al. 2000). The identification of the ancient binding state of 
MLNR prior to the emergence of motilin has proven challenging, however it is reasonable to 
speculate that GHSR and MLNR experienced functional diversification shortly after their 
duplication, and the ancient MLNR did not have either ghrelin or motilin binding 
properties. Evolutionary studies suggest MLNR experienced an episode of rapid evolution 
on the branch leading to amniotes, which was driven by positive selection, and accumulated 
amino acid changes in ligand binding cleft. This time period of rapid evolution coincides 
with the date of the GHRL/ MLN gene duplication event, thus it is reasonable to speculate, 
that the burst of rapid evolution in MLNR was a consequence of coevolution with its new 
ligand, and that motilin binding specificity of MLNR only evolved as a result of ligand-
receptor coevolution after the motilin gene diverged from the ghrelin gene on the amniote 
lineage. In contrast, GHSR has evolved under a constant selective constraint throughout 
vertebrates, with the ghrelin/GHSR system being maintained and functionally conserved 
from fish to mammals (He et al. 2011). 

4.1.4 Gene duplication and gene co-option 
The motilin/ghrelin hormone and their receptors were produced by independent 
duplication events that occurred at different points in time. The discordance of the 
evolutionary histories for the hormones and receptors indicate that the intimate interacting 
partners of an endocrine system can be produced by individual duplications, the 
composition and functions of each part of the endocrine network do not remain static, and 
that parts of a system can be co-opted for novelties, and that these processes often involve 
gene duplication and subsequent divergence. Structural and evolutionary relatedness allows 
promiscuous interaction properties, which can serve as the starting point for 
accommodation. Divergence of function in different species is accomplished by 
hormone/receptor coevolution to improve binding affinity and/or specificity. A major role 
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for gene co-option, involving gene duplication and divergence, should be recognized that 
creates potential elements which selection can act upon within a biological network to 
evolve new functions (He et al. 2011; True and Carroll 2002). The growth of gene families 
allows for more flexible gene expression and/or the evolution of new biochemical 
specificities (Rubenstein 1990; Sharman and Holland 1996), thus facilitating the evolution of 
greater biological complexity (Duboule and Wilkins1998). 

4.2 Loss of the motilin and its specific receptor genes in rodents 
The evolution of motilin and its specific receptor in rodents provides an illustration of the 
consequences of gene loss. Motilin is a 22-amino acid peptide synthesized by endocrine cells 
of the duodeno-jejunal mucosa and has a profound stimulatory effect on gastrointestinal 
contractility (Poitras and Peeters 2008), indicating that motilin and its specific receptor serve 
as potent active prokinetic drug target candidates. However, the clinical development of 
potential therapies is limited as both the mouse and rat, the most frequently used laboratory 
animals, are natural knockouts for the motilin and its specific receptor, that is these animal 
lack these genes and functional targets (He et al. 2010). These observations raise a number of 
intriguing questions – how can these animals survive without motilin? How were the genes 
lost? Did any other endocrine system compensate? What does this mean for our 
understanding of the human hormones? While we can’t answer all of these questions, our 
studies revealed that the motilin receptor was pseudogenized specifically on the rodent 
lineage, while the motilin gene exhibited diverse evolutionary consequences in different 
rodent species (He et al. 2010). Once an interacting partner is lost, retained partners may be 
lost, as demonstrated by the independent loss of MLN in mice, rats and in the guinea pig, or 
serve as raw material in evolution, as suggested by the retention of MLN in the kangaroo 
rat. Genomic sequence information suggest, that in the the monophyletic Dipodomyinae 
subfamily, the MLN gene is intact and is under sustained evolutionary constraint, 
suggesting it has been recruited into a novel function, a function distinct from traditional 
motilin signaling (our unpublished observations). Intriguingly, studies have suggested that, 
after the break down of the MLN signaling pathway, the ghrelin signaling pathway was 
recruited to compensate for this loss in the rat (Dass et al. 2003; Depoortere et al. 2003). 
Given the ubiquity and its stochastic nature, the simultaneous loss of a hormone and its 
specific receptor is unlikely. As a dramatic genetic change, a gene loss leads to an immediate 
loss of specific interactions. The functional redundancy among gene family members could 
allow a compromise for the deleterious gene loss. Existing genes can be modified, or 
recruited, into new interactions that yield new functions through mutation and optimization 
(Jacob 1977; Khersonsky, Roodveldt and Tawfik 2006; Tokuriki and Tawfik 2009). Motilin is 
not a unique case. As similar events have occurred to leptin, an important adipose derived 
hormone (Brennan and Mantzoros 2006; Zhang et al. 1994), which does not exist in the 
chicken, and likely other birds, while a functional leptin receptor has conserved in these 
species (Horev et al. 2000; Ohkubo, Tanaka and Nakashima 2000; Pitel et al. 2010). It is 
possible that the lineage specific losses of motilin and leptin during evolution contributed to 
the evolution of novel metabolic regulatory mechanisms in these species.  

4.3 Evolutionary shifts in existing genes 
The proglucagon gene illustrates some of these issues. The vertebrate proglucagon gene 
encodes three glucagonlike sequences (glucagon, glucagon-like peptide-1 [GLP-1], and 
glucagon-like peptide-2 [GLP-2]) that play distinct roles in mammalian metabolic regulation 
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for gene co-option, involving gene duplication and divergence, should be recognized that 
creates potential elements which selection can act upon within a biological network to 
evolve new functions (He et al. 2011; True and Carroll 2002). The growth of gene families 
allows for more flexible gene expression and/or the evolution of new biochemical 
specificities (Rubenstein 1990; Sharman and Holland 1996), thus facilitating the evolution of 
greater biological complexity (Duboule and Wilkins1998). 
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consequences of gene loss. Motilin is a 22-amino acid peptide synthesized by endocrine cells 
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lack these genes and functional targets (He et al. 2010). These observations raise a number of 
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lost? Did any other endocrine system compensate? What does this mean for our 
understanding of the human hormones? While we can’t answer all of these questions, our 
studies revealed that the motilin receptor was pseudogenized specifically on the rodent 
lineage, while the motilin gene exhibited diverse evolutionary consequences in different 
rodent species (He et al. 2010). Once an interacting partner is lost, retained partners may be 
lost, as demonstrated by the independent loss of MLN in mice, rats and in the guinea pig, or 
serve as raw material in evolution, as suggested by the retention of MLN in the kangaroo 
rat. Genomic sequence information suggest, that in the the monophyletic Dipodomyinae 
subfamily, the MLN gene is intact and is under sustained evolutionary constraint, 
suggesting it has been recruited into a novel function, a function distinct from traditional 
motilin signaling (our unpublished observations). Intriguingly, studies have suggested that, 
after the break down of the MLN signaling pathway, the ghrelin signaling pathway was 
recruited to compensate for this loss in the rat (Dass et al. 2003; Depoortere et al. 2003). 
Given the ubiquity and its stochastic nature, the simultaneous loss of a hormone and its 
specific receptor is unlikely. As a dramatic genetic change, a gene loss leads to an immediate 
loss of specific interactions. The functional redundancy among gene family members could 
allow a compromise for the deleterious gene loss. Existing genes can be modified, or 
recruited, into new interactions that yield new functions through mutation and optimization 
(Jacob 1977; Khersonsky, Roodveldt and Tawfik 2006; Tokuriki and Tawfik 2009). Motilin is 
not a unique case. As similar events have occurred to leptin, an important adipose derived 
hormone (Brennan and Mantzoros 2006; Zhang et al. 1994), which does not exist in the 
chicken, and likely other birds, while a functional leptin receptor has conserved in these 
species (Horev et al. 2000; Ohkubo, Tanaka and Nakashima 2000; Pitel et al. 2010). It is 
possible that the lineage specific losses of motilin and leptin during evolution contributed to 
the evolution of novel metabolic regulatory mechanisms in these species.  

4.3 Evolutionary shifts in existing genes 
The proglucagon gene illustrates some of these issues. The vertebrate proglucagon gene 
encodes three glucagonlike sequences (glucagon, glucagon-like peptide-1 [GLP-1], and 
glucagon-like peptide-2 [GLP-2]) that play distinct roles in mammalian metabolic regulation 
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(Drucker 2001; Drucker 2002; Jiang and Zhang 2003; Kieffer and Habener 1999). Glucagon, 
produced by the A cells of the pancreatic islets, counteracts insulin’s effect on blood glucose 
level depression (Jiang and Zhang 2003). GLP-1 functions as an incretin hormone in 
mammals, potentiating insulin release, and thus regulating glucose metabolism (Drucker 
2001, 2002). In contrast, glucagon and GLP-1 have similar physiological functions in fish, 
and resemble that of mammalian glucagon (Duguay and Mommsen 1994; Plisetskaya and 
Mommsen 1996). The receptors for glucagon, GLP-1, and GLP-2 have emerged before the 
divergence of fish and mammals; however, the GLP-1 class of receptors has specifically been 
lost in fish, and accordingly the incretin action of GLP-1. A fish specific duplication 
produced a second glucagon receptor-like gene on the ancestral fish lineage. The new 
glucagon receptor-like gene shifted its binding specificity from glucagon to GLP-1 ensues, 
meanwhile maintained the ancestral downstream signaling. Thus through receptor loss and 
gain, existing hormone was recruited into new roles, and undoubtedly enabled evolutionary 
divergence (Irwin and Wong 2005).  
While ghrelin and its specific receptor (GHSR) genes has been maintained and functionally 
conserved from fish to mammals, there are some significant differences in the function of 
the ghrelin/GHSR system in birds compared to other vertebrates (Richards 2010). Some of 
the actions of ghrelin are conserved in birds (e.g., GH release), while others, such as the 
effect of ghrelin on food intake, are opposite to those found in mammals and other 
vertebrate species (Hiroyuki et al. 2007; Kaiya et al. 2009; Kaiya et al. 2008). Besides ghrelin, 
the ghrelin gene has the potential to encode another peptide hormone——obstatin (Zhang et 
al. 2005). We observed episodic evolution for both the ghrelin and motilin genes during 
primitive placental mammal evolution, the period when a functional obestatin hormone 
might have originated (He, Irwin and Zhang 2010). It is possible that some of the lineage-
specific physiological adaptations are due to the episodic evolution of the motilin and 
ghrelin genes.  
Gene duplication, pseudonization, and the gain and loss of interactions through mutations 
in existing genes are major evolutionary processes shaping the specific interaction among 
biomolecules (Berg, Lässig and Wagner 2004; Wagner 2001; Wagner 2003; He et al. 2010). 
Thus, once a mutation arises, a stepwise process of elaboration and optimization ensues, 
which gradually integrates and orders mutations into a coherent pattern. Given the 
evolutionary dynamics of the genome and the plasticity of biomolecular networks, an 
evolutionary perspective is necessary to understand many aspects of the molecular basis of 
endocrinology.   

5. Conclusion 
Biological evolution is the process of generating biodiversity. Different phenotype 
corresponds to a given genomic control. New genes, new interactions, and new biochemical 
processes are essential for the molecular basis of the evolution of biodiversity and 
complexity. Genetic networks of endocrine systems are developmentally and evolutionarily 
fictile, elemental compositions within them are prone to be altered through gene gain and 
loss, and its physiological properties frequently change with mutations in gene coding 
sequences and/or regulatory systems, and turnover of interacting biomolecules.  
The endocrine system consists of several glands in different parts of the body, which secrete 
hormones directly into the blood. Hormones usually have many different functions and 
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modes of action; one hormone may play roles in different target organs, and conversely, 
target organs are affected by more than one hormone. Although quite irregular, there are 
still some formulas that can be followed. Structural and evolutionary relatedness generate 
promiscuous interaction properties, and provide important clues to interaction capacity 
exploration. Tracing the origin and studying the molecular evolution of endocrine systems 
should help us comprehend the main events that have prompted the diversification of these 
systems. In the light of evolution, through a comparative strategy, integrating information 
from diverse species helps to enhance our understanding of the assemblage of complex 
endocrine systems, identifying novel components of endocrine systems, and potential cross-
talk between them through evolutionarily related interacting proteins. In addition, 
knowledge of how elements that underlie cellular functions are evolutionarily and 
developmentally interact, not only helps in choosing appropriate species to examine 
function, but also provide genetic makers to probe the evolution of specific traits and 
characteristics, disclosing the genetic basis that underlie the morphological and behavior 
changes, and thus helping enhance our understanding of how changing environments led to 
biochemical adjustments. 
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talk between them through evolutionarily related interacting proteins. In addition, 
knowledge of how elements that underlie cellular functions are evolutionarily and 
developmentally interact, not only helps in choosing appropriate species to examine 
function, but also provide genetic makers to probe the evolution of specific traits and 
characteristics, disclosing the genetic basis that underlie the morphological and behavior 
changes, and thus helping enhance our understanding of how changing environments led to 
biochemical adjustments. 

6. Acknowledgments 
This work was supported by grants from the National Basic Research Program of China (973 
Program, 2007CB411600), the National Natural Science Foundation of China (30621092, 
30623007), and Bureau of Science and Technology of Yunnan Province (O803481101). 

7. References 
Avise JC, Ayala FJ. From the Academy: Colloquium Perspective: In the light of evolution I: 

Adaptation and complex design. Proc Natl Acad Sci USA. 2007 104 Suppl 1:8563-
8566. 

Berg J, Lässig M, Wagner A. Structure and evolution of protein interaction networks: a 
statistical model for link dynamics and gene duplications. BMC Evol Biol. 2004 
4:51. 

Brennan AM, Mantzoros CS. Drug Insight: the role of leptin in human physiology and 
pathophysiology--emerging clinical applications. Nat Clin Pract Endocrinol Metab. 
2006 2:318-327. 

Carroll SM, Bridgham JT, Thornton JW Evolution of hormone signaling in elasmobranchs by 
exploitation of promiscuous receptors. Mol Biol Evol. 2008 25:2643–2652. 

Cegla J, Tan TM, Bloom SR. Gut-brain cross-talk in appetite regulation. Curr Opin Clin Nutr 
Metab Care. 2010 13:588-593. 

Chan CB, Cheng CH. Identification and functional characterization of two alternatively 
spliced growth hormone secretagogue receptor transcripts from the pituitary  
of black seabream Acanthopagrus schlegeli. Mol Cell Endocrinol. 2004 214:81-
95. 

Conant GC. Rapid reorganization of the transcriptional regulatory network after genome 
duplication in yeast. Proc Biol Sci. 2010 277:869-876. 



  
Contemporary Aspects of Endocrinology 

 

18

Danks JA, D'Souza DG, Gunn HJ, Milley KM, Richardson SJ. Evolution of the parathyroid 
hormone family and skeletal formation pathways. Gen Comp Endocrinol. 2011 
170:79-91. 

Dass NB, Munonyara M, Bassil AK, Hervieu GJ, Osbourne S, Corcoran S, Morgan M, Sanger 
GJ. Growth hormone secretagogue receptors in rat and human gastrointestinal tract 
and the effects of ghrelin. Neuroscience 120:443–453. 

Dehal P, Boore JL. Two rounds of whole genome duplication in the ancestral vertebrate. 
PLoS Biol. 2005 3:e314. 

Depoortere I, De Winter B, Thijs T, De Man J, Pelckman P, Peeters T 2003 Comparison of the 
prokinetic effects of ghrelin, GHRP-6 and motilin in rats in vivo and in vitro. 
Gastroenterology 124:580. 

Drucker DJ. Biological actions and therapeutic potential of the glucagon-like peptides. 
Gastroenterology 2002 122:531–544. 

Drucker DJ. The glucagon-like peptides. Endocrinology 2001 142:521–527 
Duboule D and Wilkins A S. The evolution of 'bricolage'. Trends Genet. 1998 14:54–59. 
Duguay SJ, Mommsen TP. Molecular aspects of pancreatic peptides. In: Fish 

physiology, vol. 13 (Hoar WS and Randall DJ, eds). Academic Press, San Diego. 
1994 225–271. 

Feighner SD, Tan CP, McKee KK, et al. Receptor for motilin identified in the human 
gastrointestinal system. Science 1999 284:2184-2188. 

Gagneux P, Varki A. Genetic differences between humans and great apes. Mol Phylogenet 
Evol. 2001 18:2–13. 

Garcia-Fernández J, Holland PW. Archetypal organization of the amphioxus Hox gene 
cluster. Nature 1994 370:563–566. 

Gout JF, Duret L, Kahn D. Differential Retention of Metabolic Genes Following Whole-
Genome Duplication. Mol Biol Evol. 2009 265:1067-1072. 

Gregory TR. Synergy between sequence and size in large-scale genomics. Nature Rev Genet. 
2005 6:699–708. 

Hahn MW, Demuth JP, Han SG. Accelerated rate of gene gain and loss in primates. Genetics 
2007 177:1941-1949. 

He J, Irwin DM, Chen R, Zhang YP. Stepwise loss of motilin and its specific receptor genes 
in rodents. J Mol Endocrinol. 2010 44:37-44. 

He J, Irwin DM, Zhang YP. Motilin and ghrelin gene experienced episodic evolution 
during primitive placental mammal evolution. Sci China Life Sci. 2010 53:677-
682. 

He J, Irwin DM, Zhang YP. Gene duplication plays a major role in gene co-option: Studies 
into the evolution of the motilin/ghrelin family and their receptors. Chinese 
Science Bulletin. 2011 56: 2690-2697. 

Hiroyuki Kaiya, Veerle M Darras, Kenji Kangawa. Ghrelin in Birds: Its Structure, 
Distribution and Function. Journal of Poultry Science 2007 44:1–18. 

Hodson DJ, Molino F, Fontanaud P, Bonnefont X, Mollard P. Investigating and 
modelling pituitary endocrine network function. J Neuroendocrinol. 2010 
22:1217-1225. 

Hoffmann FG, Opazo JC. Evolution of the relaxin/insulin-like gene family in placental 
mammals: implications for its early evolution. J Mol Evol. 2011 72:72-79. 

 
The Power of an Evolutionary Perspective in Studies of Endocrinology 

 

19 

Holland LZ, Albalat R, Azumi K, et al. The amphioxus genome illuminates vertebrate 
origins and cephalochordate biology. Genome Res. 2008 18:1100-1111. 

Holst B, Holliday ND, Bach A, Elling CE, Cox HM, Schwartz TW. Common structural basis 
for constitutive activity of the ghrelin receptor family. J Biol Chem. 2004 279:53806-
53817. 

Horev G, Einat P, Aharoni T, Eshdat Y, Friedman-Einat M. Molecular cloning and 
properties of the chicken leptin-receptor (CLEPR) gene. Mol Cell Endocrinol. 
2000 162:95-106. 

Hou Y, Lin S. Distinct gene number-genome size relationships for eukaryotes and non-
eukaryotes: gene content estimation for dinoflagellate genomes. PLoS One. 2009 
4:e6978. 

Howard AD, Feighner SD, Cully DF, et al. A Receptor in Pituitary and Hypothalamus That 
Functions in Growth Hormone Release. Science 1996 273:974-977. 

Huminiecki L, Heldin C-H: 2R and modeling of vertebrate signal transduction engine. BMC 
Biol 2010 8:146. 

Inui A. Ghrelin: an orexigenic and somatotrophic signal from stomach. Nat. Rev. Neurosci. 
2001 2:551-560. 

Irwin DM, Wong K. Evolution of new hormone function: loss and gain of a receptor. J 
Hered. 2005 96:205-11. 

Irwin DM. Evolution of genes for incretin hormones and their receptors. Vitam Horm. 2010 
84:1-20. 

Irwin DM. Molecular evolution of proglucagon. Regul Pept. 2001 98:1-12 
Jacob F. Evolution and tinkering. Science 1977, 196: 1161–1166. 
Jaillon O, Aury J, Brunet F, et al., Genome duplication in the teleost fish Tetraodon 

nigroviridis reveals the early vertebrate proto-karyotype. Nature 2004 431:946–
957. 

Jiang G, Zhang BB. Glucagon and regulation of glucose metabolism. Am J Physiol. 2003 
284:E671–E678. 

Kaiya H, Furuse M, Miyazato M, Kangawa K. Current knowledge of the roles of ghrelin in 
regulating food intake and energy balance in birds. Gen Comp Endocrinol. 2009 
163:33-38. 

Kaiya H, Kojima M, Hosoda H, et al. Bullfrog ghrelin is modified by n-octanoic acid at its 
third threonine residue. J Biol Chem. 2001 276:40441-40448. 

Kaiya H, Miyazato M, Kangawa K, Peter RE, Unniappan S. Ghrelin: a multifunctional 
hormone in non-mammalian vertebrates. Comp Biochem Physiol A Mol Integr 
Physiol. 2008 149:109-128. 

Kassahn KS, Dang VT, Wilkins SJ, Perkins AC, Ragan MA. Evolution of gene function and 
regulatory control after whole-genome duplication: comparative analyses in 
vertebrates. Genome Res. 2009 19:1404-1418. 

Kettler GC, Martiny AC, Huang K, et al. Patterns and implications of gene gain and loss in 
the evolution of Prochlorococcus. PLoS Genet. 2007 312:e231. 

Khersonsky O, Roodveldt C, Tawfik DS. Enzyme promiscuity: evolutionary and mechanistic 
aspects. Curr Opin Chem Biol. 2006 10:498-508. 

Kieffer TJ, Habener JF. The glucagon-like peptides. Endocr Rev. 1999 20:876–913. 



  
Contemporary Aspects of Endocrinology 

 

18

Danks JA, D'Souza DG, Gunn HJ, Milley KM, Richardson SJ. Evolution of the parathyroid 
hormone family and skeletal formation pathways. Gen Comp Endocrinol. 2011 
170:79-91. 

Dass NB, Munonyara M, Bassil AK, Hervieu GJ, Osbourne S, Corcoran S, Morgan M, Sanger 
GJ. Growth hormone secretagogue receptors in rat and human gastrointestinal tract 
and the effects of ghrelin. Neuroscience 120:443–453. 

Dehal P, Boore JL. Two rounds of whole genome duplication in the ancestral vertebrate. 
PLoS Biol. 2005 3:e314. 

Depoortere I, De Winter B, Thijs T, De Man J, Pelckman P, Peeters T 2003 Comparison of the 
prokinetic effects of ghrelin, GHRP-6 and motilin in rats in vivo and in vitro. 
Gastroenterology 124:580. 

Drucker DJ. Biological actions and therapeutic potential of the glucagon-like peptides. 
Gastroenterology 2002 122:531–544. 

Drucker DJ. The glucagon-like peptides. Endocrinology 2001 142:521–527 
Duboule D and Wilkins A S. The evolution of 'bricolage'. Trends Genet. 1998 14:54–59. 
Duguay SJ, Mommsen TP. Molecular aspects of pancreatic peptides. In: Fish 

physiology, vol. 13 (Hoar WS and Randall DJ, eds). Academic Press, San Diego. 
1994 225–271. 

Feighner SD, Tan CP, McKee KK, et al. Receptor for motilin identified in the human 
gastrointestinal system. Science 1999 284:2184-2188. 

Gagneux P, Varki A. Genetic differences between humans and great apes. Mol Phylogenet 
Evol. 2001 18:2–13. 

Garcia-Fernández J, Holland PW. Archetypal organization of the amphioxus Hox gene 
cluster. Nature 1994 370:563–566. 

Gout JF, Duret L, Kahn D. Differential Retention of Metabolic Genes Following Whole-
Genome Duplication. Mol Biol Evol. 2009 265:1067-1072. 

Gregory TR. Synergy between sequence and size in large-scale genomics. Nature Rev Genet. 
2005 6:699–708. 

Hahn MW, Demuth JP, Han SG. Accelerated rate of gene gain and loss in primates. Genetics 
2007 177:1941-1949. 

He J, Irwin DM, Chen R, Zhang YP. Stepwise loss of motilin and its specific receptor genes 
in rodents. J Mol Endocrinol. 2010 44:37-44. 

He J, Irwin DM, Zhang YP. Motilin and ghrelin gene experienced episodic evolution 
during primitive placental mammal evolution. Sci China Life Sci. 2010 53:677-
682. 

He J, Irwin DM, Zhang YP. Gene duplication plays a major role in gene co-option: Studies 
into the evolution of the motilin/ghrelin family and their receptors. Chinese 
Science Bulletin. 2011 56: 2690-2697. 

Hiroyuki Kaiya, Veerle M Darras, Kenji Kangawa. Ghrelin in Birds: Its Structure, 
Distribution and Function. Journal of Poultry Science 2007 44:1–18. 

Hodson DJ, Molino F, Fontanaud P, Bonnefont X, Mollard P. Investigating and 
modelling pituitary endocrine network function. J Neuroendocrinol. 2010 
22:1217-1225. 

Hoffmann FG, Opazo JC. Evolution of the relaxin/insulin-like gene family in placental 
mammals: implications for its early evolution. J Mol Evol. 2011 72:72-79. 

 
The Power of an Evolutionary Perspective in Studies of Endocrinology 

 

19 

Holland LZ, Albalat R, Azumi K, et al. The amphioxus genome illuminates vertebrate 
origins and cephalochordate biology. Genome Res. 2008 18:1100-1111. 

Holst B, Holliday ND, Bach A, Elling CE, Cox HM, Schwartz TW. Common structural basis 
for constitutive activity of the ghrelin receptor family. J Biol Chem. 2004 279:53806-
53817. 

Horev G, Einat P, Aharoni T, Eshdat Y, Friedman-Einat M. Molecular cloning and 
properties of the chicken leptin-receptor (CLEPR) gene. Mol Cell Endocrinol. 
2000 162:95-106. 

Hou Y, Lin S. Distinct gene number-genome size relationships for eukaryotes and non-
eukaryotes: gene content estimation for dinoflagellate genomes. PLoS One. 2009 
4:e6978. 

Howard AD, Feighner SD, Cully DF, et al. A Receptor in Pituitary and Hypothalamus That 
Functions in Growth Hormone Release. Science 1996 273:974-977. 

Huminiecki L, Heldin C-H: 2R and modeling of vertebrate signal transduction engine. BMC 
Biol 2010 8:146. 

Inui A. Ghrelin: an orexigenic and somatotrophic signal from stomach. Nat. Rev. Neurosci. 
2001 2:551-560. 

Irwin DM, Wong K. Evolution of new hormone function: loss and gain of a receptor. J 
Hered. 2005 96:205-11. 

Irwin DM. Evolution of genes for incretin hormones and their receptors. Vitam Horm. 2010 
84:1-20. 

Irwin DM. Molecular evolution of proglucagon. Regul Pept. 2001 98:1-12 
Jacob F. Evolution and tinkering. Science 1977, 196: 1161–1166. 
Jaillon O, Aury J, Brunet F, et al., Genome duplication in the teleost fish Tetraodon 

nigroviridis reveals the early vertebrate proto-karyotype. Nature 2004 431:946–
957. 

Jiang G, Zhang BB. Glucagon and regulation of glucose metabolism. Am J Physiol. 2003 
284:E671–E678. 

Kaiya H, Furuse M, Miyazato M, Kangawa K. Current knowledge of the roles of ghrelin in 
regulating food intake and energy balance in birds. Gen Comp Endocrinol. 2009 
163:33-38. 

Kaiya H, Kojima M, Hosoda H, et al. Bullfrog ghrelin is modified by n-octanoic acid at its 
third threonine residue. J Biol Chem. 2001 276:40441-40448. 

Kaiya H, Miyazato M, Kangawa K, Peter RE, Unniappan S. Ghrelin: a multifunctional 
hormone in non-mammalian vertebrates. Comp Biochem Physiol A Mol Integr 
Physiol. 2008 149:109-128. 

Kassahn KS, Dang VT, Wilkins SJ, Perkins AC, Ragan MA. Evolution of gene function and 
regulatory control after whole-genome duplication: comparative analyses in 
vertebrates. Genome Res. 2009 19:1404-1418. 

Kettler GC, Martiny AC, Huang K, et al. Patterns and implications of gene gain and loss in 
the evolution of Prochlorococcus. PLoS Genet. 2007 312:e231. 

Khersonsky O, Roodveldt C, Tawfik DS. Enzyme promiscuity: evolutionary and mechanistic 
aspects. Curr Opin Chem Biol. 2006 10:498-508. 

Kieffer TJ, Habener JF. The glucagon-like peptides. Endocr Rev. 1999 20:876–913. 



  
Contemporary Aspects of Endocrinology 

 

20

Kim DK, Cho EB, Moon MJ, Park S, Hwang JI, Kah O, Sower SA, Vaudry H, Seong JY. 
Revisiting the evolution of gonadotropin-releasing hormones and their 
receptors in vertebrates: secrets hidden in genomes. Gen Comp Endocrinol. 
2011 170:68-78. 

Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. Ghrelin is a  
growth-hormone-releasing acylated peptide from stomach. Nature 1999 
402:656-60. 

Kojima M, Kangawa K. Ghrelin: structure and function. Physiol Rev. 2005 85:495-52. 
Konstantinidis KT, Tiedje JM. Trends between gene content and genome size in prokaryotic 

species with larger genomes. Proc Natl Acad Sci USA. 2004 101:3160–3165. 
Li WH. Molecular Evolution. Sinauer Associates, Sunderland, 1997. 
Liu JC, Makova KD, Adkins RM, Gibson S, Li WH. Episodic evolution of growth hormone 

in primates and emergence of the species specificity of human growth hormone 
receptor. Mol Biol Evol. 2001 18:945-953. 

Lynch M, Conery JS. The origins of genome complexity. Science 2003 302:1401–1404. 
Macqueen DJ, Delbridge ML, Manthri S, Johnston IA. A newly classified vertebrate 

calpain protease, directly ancestral to CAPN1 and 2, episodically evolved a 
restricted physiological function in placental mammals. Mol Biol Evol. 2010 
27:1886-1902. 

Manning G, Scheeff E. How the vertebrates were made: selective pruning of a double-
duplicated genome. BMC Biol. 2010 8:144. 

Markov GV, Paris M, Bertrand S, Laudet V. The evolution of the ligand/receptor couple: a 
long road from comparative endocrinology to comparative genomics. Mol Cell 
Endocrinol. 2008 293:5-16. 

Matsuura B, Dong M and Miller LJ. Differential determinants for peptide and non-peptidyl 
ligand binding to the motilin receptor. Critical role of second extracellular loop for 
peptide binding and action. J Biol Chem. 2002 277:9834-9839. 

Moyle WR, Campbell RK, Myers RV, Bernard MP, Han Y, Wang X. Co-evolution of ligand-
receptor pairs. Nature 1994 368:251-255. 

Murray C D, Kamm M A, Bloom S R, et al. Ghrelin for the gastroenterologist: history and 
potential. Gastroenterology 2003 125:1492-1502. 

Nakazato M, Murakami N, Date Y, Kojima M, Matsuo H, Kangawa K, Matsukura S. A role 
for ghrelin in the central regulation of feeding. Nature 2001 409:194-198. 

Ohkubo T, Tanaka M, Nakashima K. Structure and tissue distribution of chicken leptin 
receptor (cOb-R) mRNA. Biochim Biophys Acta. 2000 1491:303-308. 

Ohno S. Evolution by gene duplication. Springer-Verlag. Berlin, 1970. 
Palyha OC, Feighner SD, Tan CP, et al. Ligand activation domain of human orphan growth 

hormone (GH) secretagogue receptor (GHS-R) conserved from Pufferfish to 
humans. Mol Endocrinol. 2000 14:160-169. 

Peeters T L. Ghrelin: a new player in the control of gastrointestinal functions. Gut 2005 
54:1638-649. 

Peter EC, Vallo T. Recent advances Advances in endocrinology. Arch Dis Child. 1998 78:278-
284. 

 
The Power of an Evolutionary Perspective in Studies of Endocrinology 

 

21 

Pitel F, Faraut T, Bruneau G, Monget P. Is there a leptin gene in the chicken genome? 
Lessons from phylogenetics, bioinformatics and genomics. Gen Comp Endocrinol. 
2010 167:1-5. 

Plisetskaya EM, Mommsen TP.  Glucagon and glucagon-like peptides in fishes. Int Rev 
Cytol, 1996 168:187–257. 

Poitras P, Peeters TL. Motilin. Current Opinion in Endocrinology, Diabetes and Obesity 2008 
15:54–57. 

Poitras P: Motilin. In: Gut Peptides: Biochemistry and Physiology. Edited by Walsh JH, 
Dockaray GJ. Raven Press. New York, 1993. 261–303. 

Powell AJ, Conant GC, Brown DE, Carbone I, Dean RA. Altered patterns of gene 
duplication and differential gene gain and loss in fungal pathogens. BMC 
Genomics. 2008 9:147. 

Richards MP, McMurtry JP. The avian proghrelin system. Int J Pept. 2010. pii: 749401. 
Rubenstein PA. The functional importance of multiple actin isoforms. Bioessays 1990 12:309-

315. 
Samson WK, Lumpkin MD, Nilaver G, McCann SM. Motilin: a novel growth hormone 

releasing agent. Brain Res Bull. 1984 12:57-62. 
Semyonov J, Park JI, Chang CL, Hsu SY. GPCR genes are preferentially retained after whole 

genome duplication. PLoS One. 2008 3:e1903. 
Sharman A C and Holland P W H. Conservation duplication and divergence of 

developmental genes during chordate evolution. Netherlands Journal of Zoology 
1996 46:47-67. 

Sun Y, Ahmed S, Smith RG. Deletion of ghrelin impairs neither growth nor appetite. Mol 
Cell Biol. 2003 23:7973-7981. 

Sundström G, Dreborg S, Larhammar D. Concomitant duplications of opioid peptide 
and receptor genes before the origin of jawed vertebrates. PLoS One. 2010 
5:e10512. 

Ting CT, Tsaur SC, Sun S, Browne WE, Chen YC, Patel NH, Wu CI. Gene duplication and 
speciation in Drosophila: evidence from the Odysseus locus. Proc Natl Acad Sci 
USA. 2004 101:12232-12235. 

Tokuriki N, Tawfik DS. Protein dynamism and evolvability. Science 2009 324:203-207. 
True JR, Carroll SB. Gene co-option in physiological and morphological evolution. Annu 

Rev Cell Dev Biol. 2002 18:53-80. 
van Hoek MJ, Hogeweg P. Metabolic adaptation after whole genome duplication. Mol Biol 

Evol. 2009 26:2441-2453. 
Wagner A. How the global structure of protein interaction networks evolves. Proc Biol Sci. 

2003 270:457-466. 
Wagner A. The yeast protein interaction network evolves rapidly and contains few 

redundant duplicate genes. Mol Biol Evol. 2001 18:1283-1292. 
Wallis M. Episodic evolution of protein hormones in mammals. J Mol Evol. 2001 53:10-

18. 
Wang X, Grus WE, Zhang J. Gene losses during human origins. PLoS Biology. 2006 

4:e52. 
Wilkins AS. Between "design" and "bricolage": genetic networks, levels of selection, and 

adaptive evolution. Proc Natl Acad Sci USA. 2007 104 Suppl 1:8590-8596. 



  
Contemporary Aspects of Endocrinology 

 

20

Kim DK, Cho EB, Moon MJ, Park S, Hwang JI, Kah O, Sower SA, Vaudry H, Seong JY. 
Revisiting the evolution of gonadotropin-releasing hormones and their 
receptors in vertebrates: secrets hidden in genomes. Gen Comp Endocrinol. 
2011 170:68-78. 

Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. Ghrelin is a  
growth-hormone-releasing acylated peptide from stomach. Nature 1999 
402:656-60. 

Kojima M, Kangawa K. Ghrelin: structure and function. Physiol Rev. 2005 85:495-52. 
Konstantinidis KT, Tiedje JM. Trends between gene content and genome size in prokaryotic 

species with larger genomes. Proc Natl Acad Sci USA. 2004 101:3160–3165. 
Li WH. Molecular Evolution. Sinauer Associates, Sunderland, 1997. 
Liu JC, Makova KD, Adkins RM, Gibson S, Li WH. Episodic evolution of growth hormone 

in primates and emergence of the species specificity of human growth hormone 
receptor. Mol Biol Evol. 2001 18:945-953. 

Lynch M, Conery JS. The origins of genome complexity. Science 2003 302:1401–1404. 
Macqueen DJ, Delbridge ML, Manthri S, Johnston IA. A newly classified vertebrate 

calpain protease, directly ancestral to CAPN1 and 2, episodically evolved a 
restricted physiological function in placental mammals. Mol Biol Evol. 2010 
27:1886-1902. 

Manning G, Scheeff E. How the vertebrates were made: selective pruning of a double-
duplicated genome. BMC Biol. 2010 8:144. 

Markov GV, Paris M, Bertrand S, Laudet V. The evolution of the ligand/receptor couple: a 
long road from comparative endocrinology to comparative genomics. Mol Cell 
Endocrinol. 2008 293:5-16. 

Matsuura B, Dong M and Miller LJ. Differential determinants for peptide and non-peptidyl 
ligand binding to the motilin receptor. Critical role of second extracellular loop for 
peptide binding and action. J Biol Chem. 2002 277:9834-9839. 

Moyle WR, Campbell RK, Myers RV, Bernard MP, Han Y, Wang X. Co-evolution of ligand-
receptor pairs. Nature 1994 368:251-255. 

Murray C D, Kamm M A, Bloom S R, et al. Ghrelin for the gastroenterologist: history and 
potential. Gastroenterology 2003 125:1492-1502. 

Nakazato M, Murakami N, Date Y, Kojima M, Matsuo H, Kangawa K, Matsukura S. A role 
for ghrelin in the central regulation of feeding. Nature 2001 409:194-198. 

Ohkubo T, Tanaka M, Nakashima K. Structure and tissue distribution of chicken leptin 
receptor (cOb-R) mRNA. Biochim Biophys Acta. 2000 1491:303-308. 

Ohno S. Evolution by gene duplication. Springer-Verlag. Berlin, 1970. 
Palyha OC, Feighner SD, Tan CP, et al. Ligand activation domain of human orphan growth 

hormone (GH) secretagogue receptor (GHS-R) conserved from Pufferfish to 
humans. Mol Endocrinol. 2000 14:160-169. 

Peeters T L. Ghrelin: a new player in the control of gastrointestinal functions. Gut 2005 
54:1638-649. 

Peter EC, Vallo T. Recent advances Advances in endocrinology. Arch Dis Child. 1998 78:278-
284. 

 
The Power of an Evolutionary Perspective in Studies of Endocrinology 

 

21 

Pitel F, Faraut T, Bruneau G, Monget P. Is there a leptin gene in the chicken genome? 
Lessons from phylogenetics, bioinformatics and genomics. Gen Comp Endocrinol. 
2010 167:1-5. 

Plisetskaya EM, Mommsen TP.  Glucagon and glucagon-like peptides in fishes. Int Rev 
Cytol, 1996 168:187–257. 

Poitras P, Peeters TL. Motilin. Current Opinion in Endocrinology, Diabetes and Obesity 2008 
15:54–57. 

Poitras P: Motilin. In: Gut Peptides: Biochemistry and Physiology. Edited by Walsh JH, 
Dockaray GJ. Raven Press. New York, 1993. 261–303. 

Powell AJ, Conant GC, Brown DE, Carbone I, Dean RA. Altered patterns of gene 
duplication and differential gene gain and loss in fungal pathogens. BMC 
Genomics. 2008 9:147. 

Richards MP, McMurtry JP. The avian proghrelin system. Int J Pept. 2010. pii: 749401. 
Rubenstein PA. The functional importance of multiple actin isoforms. Bioessays 1990 12:309-

315. 
Samson WK, Lumpkin MD, Nilaver G, McCann SM. Motilin: a novel growth hormone 

releasing agent. Brain Res Bull. 1984 12:57-62. 
Semyonov J, Park JI, Chang CL, Hsu SY. GPCR genes are preferentially retained after whole 

genome duplication. PLoS One. 2008 3:e1903. 
Sharman A C and Holland P W H. Conservation duplication and divergence of 

developmental genes during chordate evolution. Netherlands Journal of Zoology 
1996 46:47-67. 

Sun Y, Ahmed S, Smith RG. Deletion of ghrelin impairs neither growth nor appetite. Mol 
Cell Biol. 2003 23:7973-7981. 

Sundström G, Dreborg S, Larhammar D. Concomitant duplications of opioid peptide 
and receptor genes before the origin of jawed vertebrates. PLoS One. 2010 
5:e10512. 

Ting CT, Tsaur SC, Sun S, Browne WE, Chen YC, Patel NH, Wu CI. Gene duplication and 
speciation in Drosophila: evidence from the Odysseus locus. Proc Natl Acad Sci 
USA. 2004 101:12232-12235. 

Tokuriki N, Tawfik DS. Protein dynamism and evolvability. Science 2009 324:203-207. 
True JR, Carroll SB. Gene co-option in physiological and morphological evolution. Annu 

Rev Cell Dev Biol. 2002 18:53-80. 
van Hoek MJ, Hogeweg P. Metabolic adaptation after whole genome duplication. Mol Biol 

Evol. 2009 26:2441-2453. 
Wagner A. How the global structure of protein interaction networks evolves. Proc Biol Sci. 

2003 270:457-466. 
Wagner A. The yeast protein interaction network evolves rapidly and contains few 

redundant duplicate genes. Mol Biol Evol. 2001 18:1283-1292. 
Wallis M. Episodic evolution of protein hormones in mammals. J Mol Evol. 2001 53:10-

18. 
Wang X, Grus WE, Zhang J. Gene losses during human origins. PLoS Biology. 2006 

4:e52. 
Wilkins AS. Between "design" and "bricolage": genetic networks, levels of selection, and 

adaptive evolution. Proc Natl Acad Sci USA. 2007 104 Suppl 1:8590-8596. 



  
Contemporary Aspects of Endocrinology 

 

22

Zhang J, Zhang YP, Rosenberg HF. Adaptive evolution of a duplicated pancreatic 
ribonuclease gene in a leaf-eating monkey. Nat Genet. 2002 30:411–415. 

Zhang J. Evolution by gene duplication: an update. Trends in Ecology & Evolution 2003 
18:292-298. 

Zhang JV, Ren PG, Avsian-Kretchmer O, et al. Obestatin, a peptide encoded by the ghrelin 
gene, opposes ghrelin's effects on food intake. Science 2005 310:996-999. 

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Positional cloning of the 
mouse obese gene and its human homologue. Nature 1994 372:425-32. 

Zhou XR, Wang YZ, Smith JF, Chen R. Altered expression patterns of TCP and MYB genes 
relating to the floral developmental transition from initial zygomorphy to 
actinomorphy in Bournea (Gesneriaceae). New Phytol. 2008 178:532-543. 

Part 2 

Pituitary Adenomas 



  
Contemporary Aspects of Endocrinology 

 

22

Zhang J, Zhang YP, Rosenberg HF. Adaptive evolution of a duplicated pancreatic 
ribonuclease gene in a leaf-eating monkey. Nat Genet. 2002 30:411–415. 

Zhang J. Evolution by gene duplication: an update. Trends in Ecology & Evolution 2003 
18:292-298. 

Zhang JV, Ren PG, Avsian-Kretchmer O, et al. Obestatin, a peptide encoded by the ghrelin 
gene, opposes ghrelin's effects on food intake. Science 2005 310:996-999. 

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Positional cloning of the 
mouse obese gene and its human homologue. Nature 1994 372:425-32. 

Zhou XR, Wang YZ, Smith JF, Chen R. Altered expression patterns of TCP and MYB genes 
relating to the floral developmental transition from initial zygomorphy to 
actinomorphy in Bournea (Gesneriaceae). New Phytol. 2008 178:532-543. 

Part 2 

Pituitary Adenomas 



 2 

The Genetics of Pituitary Adenomas 
Monica Fedele, Giovanna Maria Pierantoni and Alfredo Fusco 

Istituto di Endocrinologia e Oncologia Sperimentale (IEOS) del CNR, and Dipartimento  
di Biologia e Patologia Cellulare e Molecolare, Università di Napoli Federico II 

Italy 

1. Introduction 
Cancer is considered a disease of the genome since the development of the vast majority of 
the human neoplasias is due to the accumulation of gene mutations.  Indeed, the vast 
majority of tumours occur due to a considerable number of mutations that human cells 
accumulate during lifetime. Approximately 380 genes, representing about 1% of all human 
genes, have been implicated via mutation in tumorigenesis (Futreal et al., 2004). Most (90%), 
of these mutations are somatic, whereas germline mutations are a minority (20%). Some 
mutations may be both somatic and germline (10%) (Futreal et al., 2004). 
Pituitary adenomas (PA) are one of the most frequent intracranial tumours with a 
prevalence of clinically-apparent tumours close to one in 1,000 of the general population and 
are the third most common intracranial tumour type after meningiomas and gliomas 
(Scheithauer et al., 2006). The majority of pituitary adenomas are sporadic and only  a small 
subset (5% of all pituitary tumours) are familial, and often occur as component of familial 
endocrine-related tumour syndromes. Despite their benign nature, PA can cause significant 
morbidity because of hormonal hyper-secretion, or compressive effects to surrounding 
tissues. For example, GH-producing adenomas are associated with a GH excess that leads to 
gigantism or acromegaly, depending on whether  the excessive GH occurs prior or not to 
epiphyseal-plate closure, respectively. In addition, if the pituitary mass overgrows, it can 
impinge upon the optic chiasm interfering with vision or generally results in headache due 
to the increased pressure on the surrounding brain structures. 
Therefore, molecular understanding of pituitary adenoma formation is essential for the 
development of medical therapies and the treatment of post-operative recurrences. 

2. The pituitary gland 
The pituitary gland, also known as hypophysis, is one of the most important glands of the 
mammalian endocrine system. Through its secreted hormones, it controls the growth and 
activity of other glands: the thyroid, the adrenals, the gonads, the liver, the adipose tissue 
and the mammary glands (Fig. 1). The pituitary does not act independently, but it is under 
the continuous control of the nervous system through the hypothalamus. A wide range of 
external stimuli, including supply of nutrients, the ambient temperature, the exercise, and 
physical or psycological stress, causes secretion of hypothalamic hormones. As a response to 
hypothalamic control, the pituitary secretes the hypophyseal hormones, which maintain 
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crucial homeostatic functions, including metabolism, growth, and reproduction. Apart from 
the hypothalamic inputs, pituitary hormone secretion is also regulated by feedback effects of 
the circulating hormones, as well as the autocrine and paracrine secretions of the pituitary 
cells (Bilezikjian et al., 2004; Mechenthaler, 2008) (Fig. 1). 
 

 
Fig. 1. Schematic representation of the hypothalamic-pituitary axis. Hypothalamic 
hormones, through the portal system, directly target anterior pituitary cell surface receptors 
that elicit positive or negative signals mediating pituitary hormone gene transcription and 
secretion. Pituitary hormones exert negative feedback on hypothalamus. Intrapituitary 
cytokines and growth factors regulate pituitary cell function by paracrine and autocrine 
control. Peripheral hormones from pituitary target glands exert negative feedback on 
respective pituitary hormone synthesis and secretion as well as on hypothalamic releasing 
factors. a, testis; b, adipose tissue; c, ovary; d, mammary gland; e, thyroid; f, liver; g, adrenal 
glands (arrows). 

The human hypophysis is composed of the neurohypophysis (or posterior lobe) and the 
adenohypophysis (or anterior lobe). The posterior lobe consists of cells secreting antidiuretic 
(ADH) or vasopressin and oxytocin, whereas the anterior lobe is composed of five distinct 
cell types (Table 1). Approximately 50% of all anterior lobe cells are growth hormone (GH)-
secreting cells, also known as somatotrophs (Hearney & Melmed, 2004). GH has a crucial 
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role in controlling body growth and metabolism, by acting either directly on multiple tissues 
or indirectly, via the hepatic production of insulin-like growth factors (mainly IGF-1) (Brook 
& Marshall, 2001). Prolactin (PRL)-secreting cells, also known as lactotrophs, in men and 
nulliparous women may account for approximately 10% of the anterior pituitary cells, 
whereas in multiparous women their number can be up to three times higher (Heaney & 
Melmed, 2004). PRL inhibits the function of the gonads and stimulates breast enlargement 
and milk production during pregnancy. GH- and PRL-secreting cells derive from progenitor 
mammosomatotrophs, which are bi-hormonal cells that can differentiate into either 
somatotrophs or lactotrophs depending on the needs of each phase the body is in (i.e. 
growth, or pregnancy and lactation) (Asa & Ezzat, 2002). Adrenocorticotrophin (ACTH)-
secreting cells, also known as corticotrophs, account for approximately 10-20% of all anterior 
lobe cells (Heaney & Melmed, 2004). ACTH stimulates the secretion of glucocorticoid 
hormone (cortisol) from the adrenal gland cortex, while cortisol, in turn, concerts metabolic 
and anti-inflammatory effects (Goodman, 2003). Apart from ACTH, corticotrophs secrete 
endorphins, -lipotrophins and other pro-opiomelanocortin derivatives. 
Follicle stimulating hormone (FSH) and luteinizing hormone (LH)-secreting cells, or 
gonadotroph cells, account for roughly equal numbers as corticotrophs (Heaney & Melmed, 
2004). These hormones regulate the sex steroid hormone production in the gonads, as well 
as the development and maturation of the germ cells. Lastly, a small percentage of 
thyrotroph cells (5%) secrete the thyroid stimulating hormone (TSH) (Heaney & Melmed, 
2004). TSH is the stimulus for thyroid hormone (T3/T4) production from the thyroid gland. 
Thyroid hormone mainly controls GH synthesis and secretion, metabolism and 
thermogenesis, as well as foetal skeletal maturation, and central nervous system 
development and maturation (Goodman, 2003). 
 

Pituitary cells Secreting hormone Target tissue 
Corticotrophs Adrenocorticotropic hormone (ACTH) Adrenal gland 

Gonadotrophs Follicle-stimulating hormone (FSH) 
and luteinizing hormone (LH) Ovary, Testis 

Somatotrophs Growth hormone (GH) Liver, adipose tissue 

Lactotrophs Prolactin Ovary, mammary 
gland 

Thyrotrophs Thyroid-stimulating hormone (TSH) Thyroid gland 

Table 1. Anterior pituitary cell functions 

3. Origin and development of pituitary adenomas 
Pituitary tumours are believed to develop by monoclonal expansion of a single neoplastic 
cell, due to an acquired intrinsic primary cell defect (genetic or epigenetic) that confers 
growth advantage (Asa & Ezzat, 2002). Indeed, early molecular studies of pituitary tumours, 
employing X-chromosome inactivation as a means of determining clonality, show that, in 
most cases, these tumours are monoclonal in origin, suggesting an intrinsic discrete 
genetic/molecular defect driving the transforming event and perhaps other ones driving 
progression (Fig. 2). However, these tumours do not follow the sequential classic paradigm 
apparent in multiple other tumour types, that is, initiation/transformation, hyperplasia, 
benign adenoma, invasive/aggressive adenoma and, ultimately, carcinoma. Conversely, 
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Table 1. Anterior pituitary cell functions 

3. Origin and development of pituitary adenomas 
Pituitary tumours are believed to develop by monoclonal expansion of a single neoplastic 
cell, due to an acquired intrinsic primary cell defect (genetic or epigenetic) that confers 
growth advantage (Asa & Ezzat, 2002). Indeed, early molecular studies of pituitary tumours, 
employing X-chromosome inactivation as a means of determining clonality, show that, in 
most cases, these tumours are monoclonal in origin, suggesting an intrinsic discrete 
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progression (Fig. 2). However, these tumours do not follow the sequential classic paradigm 
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they can arise from a hyper-plastic pituitary tissue, in which there are a number of different 
clones each with variable potential to develop into a discrete tumour. Consistent with this 
hypothesis is the finding of different patterns of genetic alterations in recurrent/re-grown 
tumours compared to primary PA from the same patient (Clayton et al., 2000). Therefore, 
alongside the monoclonal hypothesis, more recently the polyclonal hypothesis has been 
proposed. According to it PA originate from the expansion of a single clone coming from a 
polyclonal hyper-plastic tissue. The initiating stimulus, which might include pituitary-
specific oncogenes, intra-pituitary growth factors, or hypothalamic releasing hormones, 
would result in hyperplasia of specific cell subtypes in the pituitary giving rise to a number 
of different clones each one with variable potential to develop into a discrete tumour 
(Clayton & Farrell, 2004) (Fig. 2).  
 

 
Fig. 2. Schematic representation of the two models of PA genesis (monoclonal and 
polyclonal hypotheses) 

Pituitary tumours are in most of the cases benign and can grow both slowly and 
expansively. However, although defined as benign, nearly 50% of PA invade surrounding 
tissues, but invasiveness rate differs between various PA types (Brook & Marshall, 2001; 
Saeger et al., 2007), and mitotic activity is low even in aggressive PA, in contrast to tumours 
arising from more rapidly replicating tissues (Melmed, 2003). Very rarely PA become 
metastatic, and are then referred as pituitary carcinomas. Their incidence has been 
suggested to be 0.2% of symptomatic pituitary tumours (Pernicone et al., 1997), with almost 
equal frequency in both sexes (DeLellis et al., 2004; Kaltsas et al., 2005). Most are ACTH- or 
PRL-secreting tumours (Saeger et al., 2007). The time interval between initial adenoma 
diagnosis and carcinoma development may vary greatly, depending on the tumour subtype, 
with a mean of seven years (Pernicone et al., 1997; Sidibe, 2007). The reason of the unique 
feature of PA to rarely progress to carcinomas has been recently attributed to “premature” 
senescence-associated molecular pathways activated in PA (Chesnokova & Melmed, 2010). 
Premature senescence is a mechanism of irreversible cell cycle arrest and constitutes a 
strong anti-proliferative response, which can be triggered by DNA damage, chromosomal 
instability and aneuploidy, loss of tumour suppressive signalling or oncogene activation 
(Sharpless & Depinho, 2004). It occurs in benign or early stage tumours, but not in the 
advanced ones, as a mean to buffer the cell from pro-proliferative signals (Michaloglou et 
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al., 2005, as cited in Chesnokova & Melmed, 2010), and functions to protect against 
oncogenic transformation, thereby suppressing unscheduled proliferation of damaged and 
early transformed cells.  

4. Classification and pathogenesis of sporadic pituitary adenomas 
Sporadic PA account for 10-15% of diagnosed brain tumours and although some differences 
in their frequencies exist, each of the five hormone-secreting cell types within the gland can 
give rise to an adenoma (Table 2) (Asa & Ezzat, 2002; Melmed, 2003). Apart from these 
adenomas, which are easily diagnosed upon the appearance of the clinical symptomatology 
consequent to the specific hormone hyper-secreted,  micro-adenomas, known as 
“incidentalomas”, are present in 10% of the general population and are encountered 
inadvertently by MRI (Melmed & Kleinberg, 2008). Micro-adenomas are intra-sellar and 
generally less than 10 mm in widest diameter. Macro-adenomas, mainly including non 
functioning pituitary adenomas (NFPA), are greater than 10 mm and usually impinge upon 
adjacent sellar structures determining mass effects, including pituitary failure, blindness, 
headache and various CNS disorders. Immunocytochemistry detects pituitary cell gene 
products and allows classification of pituitary tumours based on their function (Table 2). 
With the only exception of the glycoprotein -subunit (-GSU), immunohistochemical 
positivity of more than 5% of cells in the tumour usually reflects peripheral circulating 
hormone levels (Melmed & Kleinberg, 2008). 
 

Adenoma type Incidence Principal hormone 
immunoreactivity 

Clinical 
manifestation 

Prolactinoma 29% Prolactin Hypogonadism, 
galactorrhea 

NFPA 
(gonadotroph and null-

cell adenoma) 
27% FSH/LH/-GSU Mass effects 

Somatotropinoma 15% GH Gigantism or 
acromegaly 

Adrenocorticotropinoma 10% ACTH Cushing’s disease 

Mixed GH/PRL cell 
adenoma 5% GH/prolactin 

Hypogonadism, 
acromegaly, 
galactorrhea 

Mammosomatotroph cell 
adenoma 1% GH/prolactin 

Hypogonadism, 
acromegaly, 
galactorrhea 

Thyrotroph cell adenoma 0,9% TSH Hypothyroidism 

Table 2. Clinical and pathological characteristics of pituitary adenomas (adapted from 
Melmed & Kleinberg, 2008) 

A considerable literature details the pathogenic changes occurring in sporadic tumours. 
However, in marked contrast to most other tumour types, there are few reports that describe 
genetic mutations (either activating oncogenes or inactivating tumour suppressor genes) 
that “drive” the inappropriate proliferation of pituitary cells. More often, altered control of 
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gene expression, which results in either over-expression or down-regulation of certain 
proteins, is involved in PA pathogenesis. These proteins include hormones, growth factors, 
their receptors, the associated signal transduction pathways, cell-cycle regulators and factors 
involved in chromosomal instability. 

4.1 Gain-of-function mutations 
Oncogenes commonly mutated in the majority of human tumours are very rarely involved 
in pituitary tumorigenesis. Indeed, apart from GNAS and HMGA2 genes that are mutated in 
a considerable percentage of GH-secreting adenomas and prolactinomas, respectively, few 
gain-of-function mutations have been reported in PA.  

4.1.1 GNAS 
Activating gsp mutation is present in up to 40% of human GH-secreting adenomas (Lyons et 
al., 1990). They consist in somatic heterozygous point mutations of the G protein -subunit 
(Gs) gene (GNAS) involving either arginine 201 (replaced with cysteine or histidine) or 
glutamine 227 (replaced with arginine or leucine) that constitutively activate the Gs protein 
(Vallar et al., 1987). Similar early post-zygotic somatic mutations in codon 201 of the Gs 
were identified in tissues derived from patients with McCune-Albright syndrome (MAS), 
which includes GH-secreting pituitary adenomas (Weinstein et al., 1991). Interestingly, only 
in the pituitary the Gs expression is mono-allelic - subject to imprinting - and is derived 
from the maternal allele (Hayward et al., 2001). When expressed in cell lines, mutant Gs 
showed a 30-fold decrease in the rate of  subunit-mediated hydrolysis of GTP to GDP, a 
mechanism required to turn-off its activation (Landis et al., 1989). The resulting G protein 
activation increases cyclic adenosine mono-phosphate (cAMP) levels and activates protein 
kinase A (PKA), which in turn phosphorylates the cAMP response element-binding protein 
(CREB) and leads to sustained constitutive GH secretion and cell proliferation.  
The gsp mutations have been identified also in NFPAs and ACTH-secreting adenomas 
(<10%), but quite rarely and not in all the studies (Melmed & Kleinberg; Lania et al., 2003).  

4.1.2 GNAI2 
Activating gip mutations, involving the GNAI2 gene that encodes a G protein subunit 
involved in the inhibition of adenylyl ciclase and calcium influx, have been observed in a 
subset of NFPAs (Williamson et al., 1994). The mutation, observed in 3 out of 22 samples 
(13%), consists in an aminoacid substitution that replaces Gln 205 (corresponding to Gln 227 
of Gs) with Arg, which causes activation of Ras (Edamatsu et al., 1998). Interestingly, two 
tumours with gip mutations also harboured gsp mutations, suggesting the possibility of 
multiple hits in a stepwise pathogenesis of pituitary neoplasia (Williamson et al., 1994).   

4.1.3 RAS 
The family of RAS genes encodes a 21-kD monomeric GDP/GTP binding protein mainly 
involved in the transduction of growth factor signalling. These genes may acquire mitogenic 
properties by point mutations that increase the affinity for GTP in the GTP-binding domain 
(codons 12 and 13) or prevent GTP-ase activity (codon 61). These mutations are present with 
high frequency in human neoplasias but are very rare in pituitary tumours (Karga et al., 
1992; Cai et al., 1994; Pei et al., 1994, as cited in Lania et al., 2003). Indeed, a Gly12 to Val 
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substitution has been observed in one aggressive prolactinoma resistant to dopaminergic 
inhibition that eventually was lethal. RAS mutations have been also described in metastases 
of three pituitary carcinomas, but not in the primitive tumours (Lania et al., 2003). Therefore, 
the rare RAS mutations in pituitary tumours are associated with malignant features, likely 
representing a late event in pituitary tumorigenesis. 

4.1.4 PKC 
The Ca2+/calmodulin and phospholipid-dependent protein kinase C (PKC) is a large 
ubiquitous kinase family that participates in growth factor- and hormone-mediated 
signalling and cell proliferation. Point mutations in the gene encoding the PKC isoform, 
replacing Gly294 with Asp - a strategic region of PKC containing the calcium-binding site -
have been observed in four invasive pituitary tumours (Alvaro et al., 1993), causing its over-
expression with respect to normal pituitary. These findings were not confirmed by 
subsequent studies (Schiemann et al., 1997), but ectopic expression of a mutant form of 
PKC originally found in human tumours leads to aberrant sub-cellular translocation of the 
enzyme, together with effects on growth control (Alvaro et al., 1997).  

4.1.5 FGFR4 
The normal pituitary and pituitary tumours produce a wide number of substances with 
secretory, differentiating, and proliferative potentials and express specific receptors (Lania 
et al., 2003). The aberrant expression of an N-terminally truncated fibroblast growth factor 
(FGF) receptor-4, containing the third Ig-like domain, the trans-membrane region and the 
kinase domain,  that is constitutively phosphorylated and causes transformation in vitro and 
in vivo, has been reported in about 40% of pituitary adenomas, composed of the various 
hormone-secreting cell types, but not in normal pituitary. Consistently, the expression of 
this truncated receptor in lactotroph pituitary cells of transgenic mice results in the 
development of PA (Ezzat et al., 2002). 

4.1.6 HMGA2 
The HMGA2 protein belongs to the High Mobility Group A (HMGA) family, also including 
HMGA1, composed of small, non-histone, chromatin-associated proteins that alter the 
architecture of chromatin and facilitate the assembly of multi-protein complexes of 
transcriptional factors (Thanos & Maniatis, 1995). These functions have important rebounds in 
a wide spectrum of biological processes, ranging from embryonic development, cell 
differentiation and transformation, cell cycle progression, apoptosis, senescence, DNA repair, 
up to different aspects of cell physiopathology, including body growth, cardiogenesis, self-
renewal of neural stem cells, inflammation and cancer (Hock et al., 2007; Fedele et al., 2010). 
The HMGA2 gene is over-expressed in human prolactinomas (Finelli et al., 2002). Its over-
expression is associated, in most of the prolactin-secreting adenomas analised, with gain of 
chromosome 12 (trisomy/tetrasomy), the most frequent cytogenetic alteration in these 
tumours, and amplification of the HMGA2 locus (region 12q13-15) or structural 
rearrangements of chromosome 12 (Finelli et al., 2002).  
HMGA2 over-expression was also found in 12 out of 18 NFPA, which rarely harbour 
trisomy 12 but, differently from what occurs in prolactinomas, HMGA2 up-regulation was 
associated with amplification and/or rearrangement of the HMGA2 locus in only two cases 
(Pierantoni et al., 2005). 
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It is noteworthy that animal models clearly identified a critical role for HMGA genes in 
pituitary tumorigenesis since, as more deeply described below, transgenic mice over-
expressing either the Hmga1 or the Hmga2 genes develop mixed prolactin/GH-secreting 
adenomas with a high penetrance  (Fedele et al., 2002; 2005).   

4.2 Loss-of-function mutations 
Aberrant pituitary cell proliferation may result from the inactivation of either common 
tumour suppressor genes (TSGs) or specific inhibitors of pituitary cell function and growth. 
Unlike oncogenes that drive neoplastic transformation also when mutated in 
heterozygosity, TSGs are usually recessive and the inactivation of both alleles is required to 
cause the loss of anti-tumoral action.  
Even though the key role of some TSGs (p27kip1, RB) in pituitary tumorigenesis has been 
clearly demonstrated in mice (Fero et al., 1996; Jacks et al., 1992, as cited in Fedele & Fusco, 
2010), they are not or very rarely mutated in human PA.  
Low expression levels of p27Kip1 protein have been found in ACTH-secreting adenomas, 
recurrent PA, and pituitary carcinomas by immunohistochemistry. However, as it occurs in 
other human neoplasias, no changes in p27kip1 mRNA levels were observed, suggesting the 
involvement of post-translational mechanisms accounting for the impairment of p27kip1 
protein stabilization in these tumours (Dahia et al., 1998). 
Recently, reduced p27kip1 protein levels were found in a NFPA harbouring a novel mutation 
of DKC1, encoding for dyskerin, a pseudouridine synthase that modifies rRNA and 
regulates telomerase activity. This mutation, consisting in a specific aminoacid substitution 
(S485G), significantly alters DKC1 stability/pseudouridylation activity (Bellodi et al., 2010). 
However, the link between DKC1 mutation and p27kip1 expression is not clear yet. 
Loss of heterozygosity (LOH) on chromosome 13q14, where RB is located, is a relatively 
frequent event. In particular, deletion of one RB allele is observed in most highly invasive or 
malignant pituitary tumours and their metastases. The retained allele is not mutated but, as 
better described below, it is frequently hyper-methylated (Pei et al., 1995; Simpson et al., 
1999; 2000, as cited in Lania et al., 2003). However, the presence of cases of LOH at 13q14 in 
PA in the absence of mutation or hyper-methylation of the RB allele may suggest the 
involvement in PA of another still unknown TSG  located in the same chromosomal region 
(Bates et al., 1997, as cited in Vandeva et al., 2010). 
MEN1 gene mutations, responsible for  the MEN-1 syndrome (fully described in paragraph 
5.1), are uncommon in sporadic PA (~3%), even in the presence of LOH of 11q13 (Melmed & 
Kleinberg). Indeed, just four cases have been described: in one NFPA,  in one ACTH-
secreting adenoma (Zhuang et al., 1997), in one prolactinoma (Wembin et al., 1999) and in 
one TSH-secreting adenoma (Schmidt et al., 1999), suggesting, also in this case, the presence 
of another adenoma-relevant TSG on chromosome 11. 
More recently, the aryl hydrocarbon receptor interacting protein (AIP) gene, also located on 
chromosome 11q13 and responsible for familial isolated pituitary adenomas (fully described 
in paragraph 5.4), has been found to be mutated in about 3% of sporadic GH-secreting 
adenoma (Occhi et al., 2010). The AIP protein is a co-chaperone and though to be important 
in keeping proteins and protein complexes in functional formation. It interacts with several 
protein partners, including hydrocarbon receptor, phosphodiesterases, survivin, G proteins 
and RET, and currently it is uncertain which of them plays a key role in pituitary 
tumorigenesis. The AIP mutation types identified in sporadic PA include nonsense, splice 
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site substitutions, missense, frameshift and in-frame deletions. Some of them have been only 
identified in sporadic PA, whereas some others have been identified in both familial and 
sporadic cases (Ozfirat & Korbonits, 2010). 
Interestingly, no mutations in the TP53 gene have been found in PA, even though they have 
been detected in more than 50% of all human cancers, including tumours of the central 
nervous system (Lania et al., 2003). Since TP53 mutations are associated with tumour 
progression, this result appears consistent with the intrinsic nature of pituitary tumour 
evolution, which rarely progress to carcinoma.  
 

Pituitary tumour type Mutated gene Incidence 
GH-secreting 

NFPA/ACTH-secreting GNAS 40% 
<10% 

NFPA GNAI2 13% 
Pituitary carcinomas/invasive prolactinomas RAS rare 

Invasive NFPA PKC rare 
All types FGFR4 ~40% 

Prolactinomas 
NFPA HMGA2 ~80% 

~10% 
NFPA, ACTH-secreting, prolactinoma, TSH-

secreting MEN1 ~3% 

GH-secreting AIP ~3% 
NFPA DKC1 rare 

Table 3. Summary of gene mutations and their incidence in sporadic pituitary adenomas.  

4.3 Gene over-expression 
To identify novel factors involved in pituitary tumour pathogenesis, several studies have 
been focused on differences in gene expression between PA and normal pituitary tissue. 
Indeed, more frequently than gene mutations, alterations of gene expression have been 
reported in human PA. They include both gene over-expression and down-regulation, the 
latter being mainly associated with epigenetic gene silencing.  

4.3.1 Cyclins 
Cell cycle dysregulation is the main pathogenetic event in the development of pituitary 
tumors. In fact, it has been estimated that more than 80% of human pituitary tumours 
display alterations at least in one of the regulators of the G1/S transition of the cell cycle 
(Malumbres & Barbacid, 2001, as cited in Fedele & Fusco, 2010). In particular, over-
expression of different cyclins has been reported in various functioning and non functioning 
PA. 
Cyclin E expression is increased in ACTH adenomas compared to normal pituitary tissue 
(Jordan et al., 2000, as cited by Fedele & Fusco, 2010), likely related to the low levels of 
nuclear p27kip1 in these tumours (Musat et al., 2010). 
Cyclin D1, as well as cyclin D3, is over-expressed in aggressive NFPA (Jordan et al., 2000, 
Turner et al., 2000, Saeger et al., 2001, Simpson et al., 2001, as cited in Fedele & Fusco, 2010). 
One of the possible mechanisms responsible of such over-expression could be the activation 
of the Wnt--catenin pathway that targets cyclin D1. Indeed, transfecting GH3 pituitary cells 
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It is noteworthy that animal models clearly identified a critical role for HMGA genes in 
pituitary tumorigenesis since, as more deeply described below, transgenic mice over-
expressing either the Hmga1 or the Hmga2 genes develop mixed prolactin/GH-secreting 
adenomas with a high penetrance  (Fedele et al., 2002; 2005).   

4.2 Loss-of-function mutations 
Aberrant pituitary cell proliferation may result from the inactivation of either common 
tumour suppressor genes (TSGs) or specific inhibitors of pituitary cell function and growth. 
Unlike oncogenes that drive neoplastic transformation also when mutated in 
heterozygosity, TSGs are usually recessive and the inactivation of both alleles is required to 
cause the loss of anti-tumoral action.  
Even though the key role of some TSGs (p27kip1, RB) in pituitary tumorigenesis has been 
clearly demonstrated in mice (Fero et al., 1996; Jacks et al., 1992, as cited in Fedele & Fusco, 
2010), they are not or very rarely mutated in human PA.  
Low expression levels of p27Kip1 protein have been found in ACTH-secreting adenomas, 
recurrent PA, and pituitary carcinomas by immunohistochemistry. However, as it occurs in 
other human neoplasias, no changes in p27kip1 mRNA levels were observed, suggesting the 
involvement of post-translational mechanisms accounting for the impairment of p27kip1 
protein stabilization in these tumours (Dahia et al., 1998). 
Recently, reduced p27kip1 protein levels were found in a NFPA harbouring a novel mutation 
of DKC1, encoding for dyskerin, a pseudouridine synthase that modifies rRNA and 
regulates telomerase activity. This mutation, consisting in a specific aminoacid substitution 
(S485G), significantly alters DKC1 stability/pseudouridylation activity (Bellodi et al., 2010). 
However, the link between DKC1 mutation and p27kip1 expression is not clear yet. 
Loss of heterozygosity (LOH) on chromosome 13q14, where RB is located, is a relatively 
frequent event. In particular, deletion of one RB allele is observed in most highly invasive or 
malignant pituitary tumours and their metastases. The retained allele is not mutated but, as 
better described below, it is frequently hyper-methylated (Pei et al., 1995; Simpson et al., 
1999; 2000, as cited in Lania et al., 2003). However, the presence of cases of LOH at 13q14 in 
PA in the absence of mutation or hyper-methylation of the RB allele may suggest the 
involvement in PA of another still unknown TSG  located in the same chromosomal region 
(Bates et al., 1997, as cited in Vandeva et al., 2010). 
MEN1 gene mutations, responsible for  the MEN-1 syndrome (fully described in paragraph 
5.1), are uncommon in sporadic PA (~3%), even in the presence of LOH of 11q13 (Melmed & 
Kleinberg). Indeed, just four cases have been described: in one NFPA,  in one ACTH-
secreting adenoma (Zhuang et al., 1997), in one prolactinoma (Wembin et al., 1999) and in 
one TSH-secreting adenoma (Schmidt et al., 1999), suggesting, also in this case, the presence 
of another adenoma-relevant TSG on chromosome 11. 
More recently, the aryl hydrocarbon receptor interacting protein (AIP) gene, also located on 
chromosome 11q13 and responsible for familial isolated pituitary adenomas (fully described 
in paragraph 5.4), has been found to be mutated in about 3% of sporadic GH-secreting 
adenoma (Occhi et al., 2010). The AIP protein is a co-chaperone and though to be important 
in keeping proteins and protein complexes in functional formation. It interacts with several 
protein partners, including hydrocarbon receptor, phosphodiesterases, survivin, G proteins 
and RET, and currently it is uncertain which of them plays a key role in pituitary 
tumorigenesis. The AIP mutation types identified in sporadic PA include nonsense, splice 
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site substitutions, missense, frameshift and in-frame deletions. Some of them have been only 
identified in sporadic PA, whereas some others have been identified in both familial and 
sporadic cases (Ozfirat & Korbonits, 2010). 
Interestingly, no mutations in the TP53 gene have been found in PA, even though they have 
been detected in more than 50% of all human cancers, including tumours of the central 
nervous system (Lania et al., 2003). Since TP53 mutations are associated with tumour 
progression, this result appears consistent with the intrinsic nature of pituitary tumour 
evolution, which rarely progress to carcinoma.  
 

Pituitary tumour type Mutated gene Incidence 
GH-secreting 

NFPA/ACTH-secreting GNAS 40% 
<10% 

NFPA GNAI2 13% 
Pituitary carcinomas/invasive prolactinomas RAS rare 

Invasive NFPA PKC rare 
All types FGFR4 ~40% 

Prolactinomas 
NFPA HMGA2 ~80% 

~10% 
NFPA, ACTH-secreting, prolactinoma, TSH-

secreting MEN1 ~3% 

GH-secreting AIP ~3% 
NFPA DKC1 rare 

Table 3. Summary of gene mutations and their incidence in sporadic pituitary adenomas.  

4.3 Gene over-expression 
To identify novel factors involved in pituitary tumour pathogenesis, several studies have 
been focused on differences in gene expression between PA and normal pituitary tissue. 
Indeed, more frequently than gene mutations, alterations of gene expression have been 
reported in human PA. They include both gene over-expression and down-regulation, the 
latter being mainly associated with epigenetic gene silencing.  

4.3.1 Cyclins 
Cell cycle dysregulation is the main pathogenetic event in the development of pituitary 
tumors. In fact, it has been estimated that more than 80% of human pituitary tumours 
display alterations at least in one of the regulators of the G1/S transition of the cell cycle 
(Malumbres & Barbacid, 2001, as cited in Fedele & Fusco, 2010). In particular, over-
expression of different cyclins has been reported in various functioning and non functioning 
PA. 
Cyclin E expression is increased in ACTH adenomas compared to normal pituitary tissue 
(Jordan et al., 2000, as cited by Fedele & Fusco, 2010), likely related to the low levels of 
nuclear p27kip1 in these tumours (Musat et al., 2010). 
Cyclin D1, as well as cyclin D3, is over-expressed in aggressive NFPA (Jordan et al., 2000, 
Turner et al., 2000, Saeger et al., 2001, Simpson et al., 2001, as cited in Fedele & Fusco, 2010). 
One of the possible mechanisms responsible of such over-expression could be the activation 
of the Wnt--catenin pathway that targets cyclin D1. Indeed, transfecting GH3 pituitary cells 
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with Wnt inhibitory factor-1 (WIF1) decreased cell proliferation and colony formation, 
suggesting an involvement of Wnt pathway in pituitary tumorigenesis (Elston et al., as cited 
in Musat et al., 2010). Moreover,  cyclin D1 gene allelic imbalance has been described in 
about 25% of analysed adenomas (Hibberts et al.,1999, as cited in Fedele & Fusco, 2010). 
B-type cyclins have recently been found over-expressed in many human pituitary 
adenomas, with prevalence in prolactinomas (Wierinckx et al., 2007; De Martino et al., 2009). 

4.3.2 PTTG 
Pituitary tumour transforming gene (PTTG) was isolated from experimental pituitary 
tumours by mRNA differential display PCR between rat pituitary tumor cells and normal 
pituitary tissue (Pei & Melmed, 1997). Subsequent experiments showed its abundant 
expression in nearly all pituitary tumour types, especially prolactinomas, but not in normal 
pituitary (Zhang et al., 1999).  
PTTG codes for securin that interacts and inhibits the proteolitic protein separase, which 
degrades the cohesin complex involved in holding together replicated paired sister 
chromatids during metaphase, leading, when over-expressed, to cell aneuploidy, which is 
frequently observed in PA (Uhlmann et al., 1999; Zou et al., 1999, as cyted by Fedele & 
Fusco, 2010). In addition, PTTG also induces FGF production and angiogenesis and is up-
regulated by oestrogen (Melmed & Kleinberg, 2008) and modulates the G1/S phase 
transition by interacting with Sp1 and regulating the transcriptional activity of the cyclin D3 
promoter (Tong et al., 2007, as cyted by Fedele & Fusco, 2010).  Interestingly, PTTG is 
regulated by CDK1-mediated phosphorylation suggesting a link between the control of the 
cell cycle by CDKs and securin function (Holt et al., 2008, as cyted by Fedele & Fusco, 2010). 
Finally, PTTG has been implicated in the premature senescence that typically characterizes 
PA and that is responsible for the benign nature of this tumour (see paragraph 3). Indeed, 
both PTTG deletion and over-expression cause extensive pituitary cell aneuploidy, which 
causes intracellular p53 accumulation and p21 induction, resulting in senescence 
(Chesnokova & Melmed, 2010).  Therefore, high PTTG levels in PA may initially mediate 
excessive proliferation, and lead to defective DNA replication and aneuploidy. Activation of 
pituitary DNA damage pathways triggers p21, a barrier to tumour growth, which in turn 
may restrain further growth and malignant transformation (Chesnokova & Melmed, 2010). 

4.3.3 HMGA1 and HMGA2 
Both HMGA1 and HMGA2 genes are over-expressed in different subtypes of PA, with the 
highest levels in prolactin- and/or GH-secreting tumours, compared to normal pituitary (De 
Martino et al., 2009). In addition, HMGA1 expression is significantly higher in invasive 
adenomas or macro-adenomas than in non-invasive adenomas or micro-adenomas and 
shows the highest level in grade IV, more aggressive pituitary adenomas, than in grades I, II 
and III (Wang et al., 2010). However, while HMGA2 over-expression is associated to gene 
amplification (see paragraph 4.1.6), HMGA1 over-expression does not appear to depend 
upon cytogenetic alterations involving the 6p21 chromosomal region, where the HMGA1 
gene is located (Fedele et al., 2010).  
Studies in mice over-expressing either Hmga1 or Hmga2 gene under the transcriptional 
control of the cytomegalovirus promoter, clearly demonstrated the causal role of both these 
genes in pituitary tumorigenesis. Indeed, both these transgenic mouse models, with 
different incidence and latency period, develop mixed GH/PRL-secreting PA (Fedele et al., 
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2002; 2005). The mechanism by which HMGA proteins induce the onset of PA mainly 
involves the interaction with pRB, which causes the displacement of HDAC1 from the 
pRB/E2F1 complex, and the resulting enhancement of E2F1 activity (Fedele et al., 2006). The 
crucial role of the HMGA-mediated E2F1 activation in pituitary tumorigenesis was 
confirmed by crossing Hmga2-overexpressing with E2f1-knockout mice, which resulted in 
the suppression of pituitary tumorigenesis in double mutant mice (Fedele et al., 2006). The 
analysis of the expression profile of pituitary adenomas developed by Hmga transgenic 
mice in comparison with normal pituitary from wild-type mice led to the identification of 
other genes potentially down-stream in the molecular pathway leading to PA onset in 
Hmga transgenic mice (De Martino et al., 2007; 2009). Among these genes, Mia/Cd-rap, 
coding for a secreted product of malignant melanoma cells, and Ccnb2, encoding the cyclin 
B2, which plays an important role in cell cycle progression, are directly regulated, by the 
HMGA proteins at transcriptional level (De Martino et al., 2007; 2009). Consistent with these 
data, the MIA gene, which is down-regulated by HMGA proteins, is down-regulated in 
human prolactinomas compared to normal pituitary (Evans et al., 2008), and the CCNB2 
gene, which is up-regulated by HMGAs, is over-expressed in PA versus normal pituitary, in 
statistically significant association with HMGA expression (De Martino et al., 2009). 

4.3.4 Galectin 3 
Recent evidences suggest that galectin-3 (Gal-3), a member of a phylogenetically conserved 
family of lectins sharing a consensus sequence of about 130 amino acids and a carbohydrate-
recognition domain responsible for -galactosides binding, plays an important role in 
pituitary progression (Righi et al., 2010). Gal-3, encoded by the LGALS3 gene on 
chromosome 14q21-22, is ubiquitously expressed mainly in the cytosol, but it can easily 
traverse the intracellular and plasma membranes. Extracellular Gal-3 mediates cell 
migration, cell adhesion, and cell-to-cell interactions, whereas intracellular Gal-3 inhibits 
apoptosis and is up-regulated during neoplastic progression and metastasis in several 
human cancer (Righi et al., 2010). In different studies, Gal-3 expression was  reported in 
folliculo-stellate cells and in normal and neoplastic pituitary prolactin- and ACTH-secreting 
cells, with a significantly higher presence in carcinomas versus adenomas (Riss et al., 2003; 
Ruebel et al., 2006, as cited in Righi et al., 2010). Indeed, down-regulation of Gal-3 , by RNA 
interference induced a significant decrease in cell proliferation and an important increase in 
apoptosis of pituitary HP75 cells (Riss et al., 2003, as cited in Righi et al., 2010), indicating a 
causal role of Gal-3 expression in pituitary tumorigenesis. 
Recent studies suggest that the consequences of Gal-3 over-expression in pituitary 
carcinoma development could be related to changes in the expression levels of cell cycle 
targets of the Wnt/-catenin signalling pathway, such as cyclin D1 and the proto-oncogene 
c-myc (Kim et al., 1999; Lin et al., 2000; Shimura et al., 2004, as cited in Righi et al., 2010).  

4.4 Gene down-regulation and epigenetic gene silencing 
For many of the genes whose expression is lost or drastically reduced in PA versus normal 
pituitary, the epigenetic gene silencing is the common mechanism . 
The term epigenetic refers to a process that heritably influences the expression of a gene 
without genetic change to the underlying DNA sequence itself (Jaenish & Bird, 2003). The 
silencing of TSGs, through or associated with CpG island methylation, is recognized as a 
major mechanism of gene inactivation that frequently coexists with genetic lesions in most 
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with Wnt inhibitory factor-1 (WIF1) decreased cell proliferation and colony formation, 
suggesting an involvement of Wnt pathway in pituitary tumorigenesis (Elston et al., as cited 
in Musat et al., 2010). Moreover,  cyclin D1 gene allelic imbalance has been described in 
about 25% of analysed adenomas (Hibberts et al.,1999, as cited in Fedele & Fusco, 2010). 
B-type cyclins have recently been found over-expressed in many human pituitary 
adenomas, with prevalence in prolactinomas (Wierinckx et al., 2007; De Martino et al., 2009). 

4.3.2 PTTG 
Pituitary tumour transforming gene (PTTG) was isolated from experimental pituitary 
tumours by mRNA differential display PCR between rat pituitary tumor cells and normal 
pituitary tissue (Pei & Melmed, 1997). Subsequent experiments showed its abundant 
expression in nearly all pituitary tumour types, especially prolactinomas, but not in normal 
pituitary (Zhang et al., 1999).  
PTTG codes for securin that interacts and inhibits the proteolitic protein separase, which 
degrades the cohesin complex involved in holding together replicated paired sister 
chromatids during metaphase, leading, when over-expressed, to cell aneuploidy, which is 
frequently observed in PA (Uhlmann et al., 1999; Zou et al., 1999, as cyted by Fedele & 
Fusco, 2010). In addition, PTTG also induces FGF production and angiogenesis and is up-
regulated by oestrogen (Melmed & Kleinberg, 2008) and modulates the G1/S phase 
transition by interacting with Sp1 and regulating the transcriptional activity of the cyclin D3 
promoter (Tong et al., 2007, as cyted by Fedele & Fusco, 2010).  Interestingly, PTTG is 
regulated by CDK1-mediated phosphorylation suggesting a link between the control of the 
cell cycle by CDKs and securin function (Holt et al., 2008, as cyted by Fedele & Fusco, 2010). 
Finally, PTTG has been implicated in the premature senescence that typically characterizes 
PA and that is responsible for the benign nature of this tumour (see paragraph 3). Indeed, 
both PTTG deletion and over-expression cause extensive pituitary cell aneuploidy, which 
causes intracellular p53 accumulation and p21 induction, resulting in senescence 
(Chesnokova & Melmed, 2010).  Therefore, high PTTG levels in PA may initially mediate 
excessive proliferation, and lead to defective DNA replication and aneuploidy. Activation of 
pituitary DNA damage pathways triggers p21, a barrier to tumour growth, which in turn 
may restrain further growth and malignant transformation (Chesnokova & Melmed, 2010). 

4.3.3 HMGA1 and HMGA2 
Both HMGA1 and HMGA2 genes are over-expressed in different subtypes of PA, with the 
highest levels in prolactin- and/or GH-secreting tumours, compared to normal pituitary (De 
Martino et al., 2009). In addition, HMGA1 expression is significantly higher in invasive 
adenomas or macro-adenomas than in non-invasive adenomas or micro-adenomas and 
shows the highest level in grade IV, more aggressive pituitary adenomas, than in grades I, II 
and III (Wang et al., 2010). However, while HMGA2 over-expression is associated to gene 
amplification (see paragraph 4.1.6), HMGA1 over-expression does not appear to depend 
upon cytogenetic alterations involving the 6p21 chromosomal region, where the HMGA1 
gene is located (Fedele et al., 2010).  
Studies in mice over-expressing either Hmga1 or Hmga2 gene under the transcriptional 
control of the cytomegalovirus promoter, clearly demonstrated the causal role of both these 
genes in pituitary tumorigenesis. Indeed, both these transgenic mouse models, with 
different incidence and latency period, develop mixed GH/PRL-secreting PA (Fedele et al., 
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2002; 2005). The mechanism by which HMGA proteins induce the onset of PA mainly 
involves the interaction with pRB, which causes the displacement of HDAC1 from the 
pRB/E2F1 complex, and the resulting enhancement of E2F1 activity (Fedele et al., 2006). The 
crucial role of the HMGA-mediated E2F1 activation in pituitary tumorigenesis was 
confirmed by crossing Hmga2-overexpressing with E2f1-knockout mice, which resulted in 
the suppression of pituitary tumorigenesis in double mutant mice (Fedele et al., 2006). The 
analysis of the expression profile of pituitary adenomas developed by Hmga transgenic 
mice in comparison with normal pituitary from wild-type mice led to the identification of 
other genes potentially down-stream in the molecular pathway leading to PA onset in 
Hmga transgenic mice (De Martino et al., 2007; 2009). Among these genes, Mia/Cd-rap, 
coding for a secreted product of malignant melanoma cells, and Ccnb2, encoding the cyclin 
B2, which plays an important role in cell cycle progression, are directly regulated, by the 
HMGA proteins at transcriptional level (De Martino et al., 2007; 2009). Consistent with these 
data, the MIA gene, which is down-regulated by HMGA proteins, is down-regulated in 
human prolactinomas compared to normal pituitary (Evans et al., 2008), and the CCNB2 
gene, which is up-regulated by HMGAs, is over-expressed in PA versus normal pituitary, in 
statistically significant association with HMGA expression (De Martino et al., 2009). 

4.3.4 Galectin 3 
Recent evidences suggest that galectin-3 (Gal-3), a member of a phylogenetically conserved 
family of lectins sharing a consensus sequence of about 130 amino acids and a carbohydrate-
recognition domain responsible for -galactosides binding, plays an important role in 
pituitary progression (Righi et al., 2010). Gal-3, encoded by the LGALS3 gene on 
chromosome 14q21-22, is ubiquitously expressed mainly in the cytosol, but it can easily 
traverse the intracellular and plasma membranes. Extracellular Gal-3 mediates cell 
migration, cell adhesion, and cell-to-cell interactions, whereas intracellular Gal-3 inhibits 
apoptosis and is up-regulated during neoplastic progression and metastasis in several 
human cancer (Righi et al., 2010). In different studies, Gal-3 expression was  reported in 
folliculo-stellate cells and in normal and neoplastic pituitary prolactin- and ACTH-secreting 
cells, with a significantly higher presence in carcinomas versus adenomas (Riss et al., 2003; 
Ruebel et al., 2006, as cited in Righi et al., 2010). Indeed, down-regulation of Gal-3 , by RNA 
interference induced a significant decrease in cell proliferation and an important increase in 
apoptosis of pituitary HP75 cells (Riss et al., 2003, as cited in Righi et al., 2010), indicating a 
causal role of Gal-3 expression in pituitary tumorigenesis. 
Recent studies suggest that the consequences of Gal-3 over-expression in pituitary 
carcinoma development could be related to changes in the expression levels of cell cycle 
targets of the Wnt/-catenin signalling pathway, such as cyclin D1 and the proto-oncogene 
c-myc (Kim et al., 1999; Lin et al., 2000; Shimura et al., 2004, as cited in Righi et al., 2010).  

4.4 Gene down-regulation and epigenetic gene silencing 
For many of the genes whose expression is lost or drastically reduced in PA versus normal 
pituitary, the epigenetic gene silencing is the common mechanism . 
The term epigenetic refers to a process that heritably influences the expression of a gene 
without genetic change to the underlying DNA sequence itself (Jaenish & Bird, 2003). The 
silencing of TSGs, through or associated with CpG island methylation, is recognized as a 
major mechanism of gene inactivation that frequently coexists with genetic lesions in most 
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cancers studied to date (Esteller, 2007). It has been proposed that methylation silences gene 
expression by hindering the access of transcription factors to their binding sites. 
Additionally, it is proposed that silencing might be achieved by methyl-binding proteins 
that recruit chromatin-modifying factors that compact and inactivate the chromatin (Tateno 
et al., 2010). The epigenetic events involved in pituitary tumorigenesis that lead to down-
regulation of gene and/or protein expression are mainly due to promoter hyper-
methylation and/or microRNA (miRNA)-dependent impairment of protein translation.  
In the following subsections we will describe the main genes down-regulated by promoter 
methylation in PA compared to normal pituitary tissue. 

4.4.1 Cell cycle inhibitors 
The retinoblastoma (pRB) family members are the main inhibitors of cell cycle progression 
from G1 to S phase. Even though heterozygous pRb-knockout mice develop PA, no 
mutations at the RB gene have been so far found in human pituitary tumours. However, 
lack of expression of pRB has been found in a small number of pituitary tumours where the 
promoter region of RB is hyper-methylated (Simpson et al., 2000).  
Hyper-methylation of the promoter region also accounts for the loss of p16INK4 protein 
expression, which is relatively frequent in PA (Simpson et al., 1999). RB and p16INK4a 

methylations tended to be mutually exclusive (Yoshino et al., 2007). 
As for pRB and p16INK4a, down-regulation of p21Cip1 and p27kip1 in pituitary adenomas may 
also be due to epigenetic modifications, including DNA and/or histone methylation 
(Yoshino et al., 2007, Zhu et al., 2008). 

4.4.2 Hypotalamic hormone receptors  
Somatostatin (SS) and dopamine (DA) are among the key regulators of hormone secretion 
by the anterior pituitary gland. SS mediates its inhibitory activity on pituitary hormone 
secretion via specific seven trans-membrane G-protein coupled SS receptors (sst). Human 
adult pituitary tissue expresses sst1, sst2, sst3 and sst5. Similarly, DA action is mediated by 
five receptors, named D1, D2, D3, D4 and D5, being D2 the only one highly expressed in 
pituitary cells (lactotroph and non-lactotroph). DA and SS receptors can form heterodimers 
that may have influence on ligand binding, signalling and internalization of the respective 
receptors (Hofland et al., 2010).  
The expression of sst subtypes in human PA is different in comparison with pituitary and 
from tumour to tumour. GH-secreting adenomas display a predominant expression of 
sst2 and sst5, whereas a subset of GH-secreting adenomas expresses sst1 and sst3 as well. 
In prolactinomas, sst1 and sst5 are the predominantly expressed ssts, whereas sst2 is 
expressed at a detectable level in only a minority of them. ACTH-secreting adenomas 
express sst5 at highest level, and most of them co-express sst2 at low level. Silent 
corticotroph adenomas display considerable higher sst1 and sst2, but lower sst5 
expression, compared with ACTH-secreting PA. NFPA mainly express sst3 and to a lesser 
degree sst2. In TSH-secreting PA, sst2 is mainly expressed, with co-expression of sst3 and 
sst5 in a subset. Finally, two novel truncated isoforms of sst5 (sst5MD5 and sst5MD4) with 
five and four trans-membrane domains, respectively, have been identified in PA. In 
particular,  sst5MD4 was found in 85% of GH-secreting adenomas and its expression was 
negatively associated with the inhibitory effect of octreotide on circulating GH levels in 
vivo (Hofland et al., 2010).  
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The differential expression of specific sst subtypes in PA may be caused by epigenetic 
events. Indeed, it has been recently identified an upstream promoter of the human 
somatostatin receptor, hSSTR2, which is controlled by epigenetic modifications, including 
DNA methylation and histone acetylation (Torrisani et al., 2008).  
As far as DA receptor expression, mainly D2 has been demonstrated in the majority of PA, 
although expression levels may vary among adenomas. Interestingly, the loss of D2 
expression correlates with  increased CpG island-associated methylation and enrichment for 
histone H3K27me3. Conversely, D2 expression is associated to enrichment for H3K9Ac and 
barely detectable H3K27me3 (Al-Azzawi et al., 2011).  
Therefore, a combined treatment with epigenetic drugs and DA agonists for the medical 
management of different pituitary tumour subtypes, resistant to conventional therapies, 
could be envisaged. 

4.4.3 GADD45 
One of the growth inhibitory genes whose expression is lost in the majority of human PA is 
GADD45, a p53-regulated gene involved in inhibition of cell growth. Indeed, it was found 
abundantly expressed in normal pituitary and strongly down-regulated in different PA sub-
types. Moreover, suppression of cell proliferation was observed when GADD45 was 
expressed in pituitary cell lines (as reviewed by Zhang et al., 2010), suggesting a causal role 
of its loss in pituitary tumorigenesis. The loss of GADD45 expression in pituitary tumour 
cells has been associated with methylation of the GADD45 CpG island, frequently (58%) 
reported in PA not expressing the GADD45  gene (Bahar et al., 2004). 

4.4.4 MEG3 
The Maternally Expressed Gene 3 (MEG3), a large maternal imprinted non-coding RNA gene 
located on chromosome 14q32, is highly expressed in the pituitary but specifically absent in 
gonadotroph-derived NFPA (Zhang et al., 2010). No gene deletion or mutation at the MEG3 
gene was found in such tumours, but increased DNA methylation in promoter and enhancer 
regions, responsible for loss of MEG3 expression, was identified in tumours in comparison 
with normal pituitary (Zhao et al., 2005).  
MEG3 is able to suppress proliferation of different types of human tumour cells due to its 
ability to act up-stream of two well known TSGs, such as p53 and pRB. Indeed, MEG3 
stimulates p53-mediated transcriptional activation of specific targets, such as GDF15, a TGF-
 family member with an anti-proliferative activity, and leads to the accumulation of p53 
protein levels. However, it can also suppress cell proliferation in the absence of p53 through 
a pRB-dependent mechanism (Zhou et al., 2007, as cited in Zhang et al., 2010). 

4.4.5 ZAC1 
The zinc-finger protein ZAC1 is a transcription factor and co-regulator that plays a key role 
in pituitary development, maturation and tumorigenesis. Indeed, it lies downstream to the 
mitogenic MAPK and survival PI3K pathways, and its target genes control cell proliferation 
and hormone synthesis of pituitary cells (Theodoropoulou et al., 2010). As co-regulator, 
ZAC1 is involved in the activation of different members of the nuclear receptor and p53 
family (Huang & Stallcup, 2000; Huang et al., 2001, as cited in Theodoropoulou et al., 2010), 
which are key regulators of cell growth, differentiation, homeostasis and development. In 
particular, through activation of p53, ZAC1 induces the cell-cycle inhibitor p21Cip1 causing 
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cancers studied to date (Esteller, 2007). It has been proposed that methylation silences gene 
expression by hindering the access of transcription factors to their binding sites. 
Additionally, it is proposed that silencing might be achieved by methyl-binding proteins 
that recruit chromatin-modifying factors that compact and inactivate the chromatin (Tateno 
et al., 2010). The epigenetic events involved in pituitary tumorigenesis that lead to down-
regulation of gene and/or protein expression are mainly due to promoter hyper-
methylation and/or microRNA (miRNA)-dependent impairment of protein translation.  
In the following subsections we will describe the main genes down-regulated by promoter 
methylation in PA compared to normal pituitary tissue. 

4.4.1 Cell cycle inhibitors 
The retinoblastoma (pRB) family members are the main inhibitors of cell cycle progression 
from G1 to S phase. Even though heterozygous pRb-knockout mice develop PA, no 
mutations at the RB gene have been so far found in human pituitary tumours. However, 
lack of expression of pRB has been found in a small number of pituitary tumours where the 
promoter region of RB is hyper-methylated (Simpson et al., 2000).  
Hyper-methylation of the promoter region also accounts for the loss of p16INK4 protein 
expression, which is relatively frequent in PA (Simpson et al., 1999). RB and p16INK4a 

methylations tended to be mutually exclusive (Yoshino et al., 2007). 
As for pRB and p16INK4a, down-regulation of p21Cip1 and p27kip1 in pituitary adenomas may 
also be due to epigenetic modifications, including DNA and/or histone methylation 
(Yoshino et al., 2007, Zhu et al., 2008). 

4.4.2 Hypotalamic hormone receptors  
Somatostatin (SS) and dopamine (DA) are among the key regulators of hormone secretion 
by the anterior pituitary gland. SS mediates its inhibitory activity on pituitary hormone 
secretion via specific seven trans-membrane G-protein coupled SS receptors (sst). Human 
adult pituitary tissue expresses sst1, sst2, sst3 and sst5. Similarly, DA action is mediated by 
five receptors, named D1, D2, D3, D4 and D5, being D2 the only one highly expressed in 
pituitary cells (lactotroph and non-lactotroph). DA and SS receptors can form heterodimers 
that may have influence on ligand binding, signalling and internalization of the respective 
receptors (Hofland et al., 2010).  
The expression of sst subtypes in human PA is different in comparison with pituitary and 
from tumour to tumour. GH-secreting adenomas display a predominant expression of 
sst2 and sst5, whereas a subset of GH-secreting adenomas expresses sst1 and sst3 as well. 
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The differential expression of specific sst subtypes in PA may be caused by epigenetic 
events. Indeed, it has been recently identified an upstream promoter of the human 
somatostatin receptor, hSSTR2, which is controlled by epigenetic modifications, including 
DNA methylation and histone acetylation (Torrisani et al., 2008).  
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although expression levels may vary among adenomas. Interestingly, the loss of D2 
expression correlates with  increased CpG island-associated methylation and enrichment for 
histone H3K27me3. Conversely, D2 expression is associated to enrichment for H3K9Ac and 
barely detectable H3K27me3 (Al-Azzawi et al., 2011).  
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4.4.3 GADD45 
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types. Moreover, suppression of cell proliferation was observed when GADD45 was 
expressed in pituitary cell lines (as reviewed by Zhang et al., 2010), suggesting a causal role 
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reported in PA not expressing the GADD45  gene (Bahar et al., 2004). 
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gonadotroph-derived NFPA (Zhang et al., 2010). No gene deletion or mutation at the MEG3 
gene was found in such tumours, but increased DNA methylation in promoter and enhancer 
regions, responsible for loss of MEG3 expression, was identified in tumours in comparison 
with normal pituitary (Zhao et al., 2005).  
MEG3 is able to suppress proliferation of different types of human tumour cells due to its 
ability to act up-stream of two well known TSGs, such as p53 and pRB. Indeed, MEG3 
stimulates p53-mediated transcriptional activation of specific targets, such as GDF15, a TGF-
 family member with an anti-proliferative activity, and leads to the accumulation of p53 
protein levels. However, it can also suppress cell proliferation in the absence of p53 through 
a pRB-dependent mechanism (Zhou et al., 2007, as cited in Zhang et al., 2010). 

4.4.5 ZAC1 
The zinc-finger protein ZAC1 is a transcription factor and co-regulator that plays a key role 
in pituitary development, maturation and tumorigenesis. Indeed, it lies downstream to the 
mitogenic MAPK and survival PI3K pathways, and its target genes control cell proliferation 
and hormone synthesis of pituitary cells (Theodoropoulou et al., 2010). As co-regulator, 
ZAC1 is involved in the activation of different members of the nuclear receptor and p53 
family (Huang & Stallcup, 2000; Huang et al., 2001, as cited in Theodoropoulou et al., 2010), 
which are key regulators of cell growth, differentiation, homeostasis and development. In 
particular, through activation of p53, ZAC1 induces the cell-cycle inhibitor p21Cip1 causing 
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growth arrest. Moreover, ZAC1 can also directly bind to the proximal promoter of p21Cip1 
and confer trans-activation to the GC-rich Sp1-responsive elements (Huang et al., 2007, as 
cited in Theodoropoulou et al., 2010). 
ZAC1 is highly expressed in all types of hormone-producing pituitary cells (Pagotto et al., 
2000, as cited in Theodoropoulou et al., 2010). The chromosomal region where it maps 
(6q24-25) is frequently deleted in solid tumours, and LOH at least at one informative marker 
has been reported in 50% of pituitary adenomas analysed, but no mutations in the ZAC1 
coding region have been found (Pagotto et al. 2000, as cited in Theodoropoulou et al., 2010). 
However, ZAC1 mRNA and protein levels were found reduced in all types of PA, especially 
in null cell NFPA, where ZAC1 expression may be completely absent, suggesting a putative 
role of ZAC1 in pituitary differentiation, since null cell adenomas are thought to be de-
differentiated tumours (Theodoropoulou et al., 2010).  
It is likely that the loss of ZAC1 expression may be due to an aberrant methylation of a 5’-
CpG island in the ZAC1/LOT1 gene, since it has been reported that this region is 
differentially methylated in ovarian and breast cancer compared to normal tissues 
(Abdollahi et al., 2003). Moreover, histone deacetylation, elicited by a mechanism up-stream 
of the LOT1 gene, has been suggested as an additional epigenetic modification that controls 
ZAC1 expression (Abdollahi et al., 2003). 

4.5 microRNA expression in pituitary adenomas 
MicroRNAs (miRNAs/miRs) are a huge class of non-coding small RNAs that post-
transcriptionally regulate gene expression by targeting the 3’ un-translated mRNA regions. 
miRNAs control a wide range of biological functions, including cell proliferation, 
differentiation, apoptosis and metabolism, and are involved in human pathology, including 
cancer (Bartel, 2004). Indeed, it has been suggested that some miRNAs might have 
oncogenic or tumour suppressor functions, playing key roles in tumorigenesis (Croce, 2009).  
In PA of different histotypes, a significant down-regulation of miR-15a and miR-16-1, that 
inversely correlates with tumour diameter and directly correlates with the secretion of the 
anti-neoplastic cytokine p43, has been shown in comparison with normal pituitary (Bottoni 
et al., 2005).  
The analysis of the differential expression profile of PA of specific histotypes in comparison 
with normal pituitary, has identified several other miRNAs potentially involved in pituitary 
tumorigenesis (Bottoni et al., 2007; Amaral et al., 2009; Mao et al., 2010). In ACTH-secreting 
adenomas six more miRNAs (miR-145, miR-21, miR-141, let-7a, miR-150 and miR-143), other 
than miR-15a and miR-16, have been shown to be down-regulated (Amaral et al., 2009). In 
GH-secreting adenomas 52 miRNAs have been reported to be differentially expressed (23 
up-regulated and 29 down-regulated). Nine of them are differentially expressed between 
micro- and macro-adenomas (Mao et al., 2010). Also in NFPAs, six miRNA, including miR-
140, miR-99b, miR-99a, miR-30c, miR-30b and miR-138-2, (the first five up-regulated and the 
last one down-regulated) are differentially expressed in macro- versus micro-adenomas 
(Bottoni et al., 2007).  
Interestingly, most of the identified miRNAs differentially expressed in PA versus normal 
pituitary tissue are involved in cell growth, apoptosis, cell proliferation and tumour 
development. In particular, miR-126 and miR-381, both down-regulated in 
somatotropinomas, target PTTG (Mao et al., 2010). Furthermore, recent studies have 
demonstrated that the down-regulation of five miRNAs (let-7, miR-15, miR-16, miR-26 and 
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miR-196a-2), able to target the HMGA proteins, plays a key role in pituitary tumorigenesis 
(De Martino et al., 2009b; Kaddar et al., 2009; Quian et al., 2009; Palmieri et al., manuscript in 
preparation, as cited in Fedele et al., 2010). 
Therefore, an innovative therapeutic approach for PA could be the use of miRNAs able to 
target proteins playing key role in pituitary tumorigenesis and whose expression is down-
regulated in PA. Indeed, such approach has been suggested for PA resistant to classical PA 
therapies, in which the resistance to SS and DA agonists is associated to different miRNA 
expression (Bottoni et al., 2007; Mao et al., 2010). 

5. Familial pituitary adenomas  
The vast majority of pituitary adenomas occur spontaneously, which means that they are 
not inherited, while familial pituitary tumours account for approximately 5% of all pituitary 
adenomas (Marx & Simonds, 2005). These tumours arise as a component of endocrine-
related tumour syndromes, namely Multiple Endocrine Neoplasia type I (MEN1), Multiple 
Endocrine Neoplasia type IV (MEN4) and Carney complex (CNC), or, if the condition seems 
to affect only the pituitary gland, as Familial Isolated Pituitary Adenomas (FIPA).   
Different gene mutations have been identified in patients affected by familial pituitary 
adenomas. In highly penetrant conditions, affected individuals manifest the disease 
phenotype at a considerably younger age (on average 4 years) than their sporadic 
counterparts; this is due to the shorter time elapse before a “second hit” occurs in a 
predisposed tissue that already harbours a germline genetic defect. On the contrary, low-
penetrance alleles may be more common in the general population, since the presence of a 
predisposing allele does not necessarily cause a disease-associated phenotype, or it may be 
associated with age-related penetrance and gender-specific risks (Fearon, 1997; Nagy et al., 
2004).  

5.1 Multiple Endocrine Neoplasia type I (MEN1) 
MEN1 is an inherited autosomal dominant disorder that causes tumours in various 
endocrine glands (Brandi et al., 2001). MEN1 is sometimes called multiple endocrine 
adenomatosis or Wermer’s syndrome, after one of the first doctor recognised and described 
it. MEN1 is rare, occurring in about one in 30,000 people. The disorder affects both sexes 
equally and shows no geographical, racial, or ethnic preferences (Teh et al., 1998).  
The gene causing MEN1, identified in 1997, was located on chromosome 11q13, and consists 
of 10 exons that encode a 610-amino acid protein referred to as Menin (Teh et al., 2005). 
Menin is predominantly a nuclear protein that has roles in transcriptional regulation, 
genome stability, cell division and proliferation (Marx & Simonds, 2005). Thus, in 
transcriptional regulation, Menin interacts with the activating protein-1 (AP-1) transcription 
factors JunD and C-Jun, and members of the NF-kB family transcriptional regulators, to 
repress transcriptional activation; members of the Smad family, to inhibit the transforming 
growth factor- (TGF-) and the bone morphogenetic protein-2 (BMP-2) signalling 
pathways. A wider role in transcription regulation has also been suggested, as Menin has 
been shown to be an integral component of histone methyltransferase complexes (Agarval et 
al., 2004). 
MEN1 tumours frequently have LOH of the MEN1 locus, which is consistent with a tumour 
suppressor role of MEN1. Also mutations of the MEN1 gene have been identified, and, to 
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miR-196a-2), able to target the HMGA proteins, plays a key role in pituitary tumorigenesis 
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Therefore, an innovative therapeutic approach for PA could be the use of miRNAs able to 
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regulated in PA. Indeed, such approach has been suggested for PA resistant to classical PA 
therapies, in which the resistance to SS and DA agonists is associated to different miRNA 
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The vast majority of pituitary adenomas occur spontaneously, which means that they are 
not inherited, while familial pituitary tumours account for approximately 5% of all pituitary 
adenomas (Marx & Simonds, 2005). These tumours arise as a component of endocrine-
related tumour syndromes, namely Multiple Endocrine Neoplasia type I (MEN1), Multiple 
Endocrine Neoplasia type IV (MEN4) and Carney complex (CNC), or, if the condition seems 
to affect only the pituitary gland, as Familial Isolated Pituitary Adenomas (FIPA).   
Different gene mutations have been identified in patients affected by familial pituitary 
adenomas. In highly penetrant conditions, affected individuals manifest the disease 
phenotype at a considerably younger age (on average 4 years) than their sporadic 
counterparts; this is due to the shorter time elapse before a “second hit” occurs in a 
predisposed tissue that already harbours a germline genetic defect. On the contrary, low-
penetrance alleles may be more common in the general population, since the presence of a 
predisposing allele does not necessarily cause a disease-associated phenotype, or it may be 
associated with age-related penetrance and gender-specific risks (Fearon, 1997; Nagy et al., 
2004).  

5.1 Multiple Endocrine Neoplasia type I (MEN1) 
MEN1 is an inherited autosomal dominant disorder that causes tumours in various 
endocrine glands (Brandi et al., 2001). MEN1 is sometimes called multiple endocrine 
adenomatosis or Wermer’s syndrome, after one of the first doctor recognised and described 
it. MEN1 is rare, occurring in about one in 30,000 people. The disorder affects both sexes 
equally and shows no geographical, racial, or ethnic preferences (Teh et al., 1998).  
The gene causing MEN1, identified in 1997, was located on chromosome 11q13, and consists 
of 10 exons that encode a 610-amino acid protein referred to as Menin (Teh et al., 2005). 
Menin is predominantly a nuclear protein that has roles in transcriptional regulation, 
genome stability, cell division and proliferation (Marx & Simonds, 2005). Thus, in 
transcriptional regulation, Menin interacts with the activating protein-1 (AP-1) transcription 
factors JunD and C-Jun, and members of the NF-kB family transcriptional regulators, to 
repress transcriptional activation; members of the Smad family, to inhibit the transforming 
growth factor- (TGF-) and the bone morphogenetic protein-2 (BMP-2) signalling 
pathways. A wider role in transcription regulation has also been suggested, as Menin has 
been shown to be an integral component of histone methyltransferase complexes (Agarval et 
al., 2004). 
MEN1 tumours frequently have LOH of the MEN1 locus, which is consistent with a tumour 
suppressor role of MEN1. Also mutations of the MEN1 gene have been identified, and, to 
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date, about 1300 mutations have been reported: approximately 23% are nonsense mutations, 
around 41% are frameshift deletions or insertions, 6% are in-frame deletions or insertions, 
9% are splice-site mutations, 20% are missense mutations, and 1% are whole or particular 
gene deletions. The majority (>70%) of these mutations are predicted to lead to truncated 
forms of Menin disrupting the interactions of Menin with other proteins and altering critical 
events in cell cycle regulation and proliferation. However, a comparison of the clinical 
features in patients and their families with the same mutations reveals an absence of 
phenotype–genotype correlations (Lemos & Thakker, 2008).  
In patients with MEN1, several endocrine glands form tumours and become hormonally 
overactive (Brandi et al., 2001). In MEN1, the overactive glands most often include the 
parathyroid glands, the pancreas and the pituitary. The parathyroids are the endocrine 
glands earliest and most often affected by MEN1. In MEN1 patients, all four parathyroid 
glands tend to be overactive, causing hyperparathyroidism. The parathyroid glands form 
tumours that release too much PTH, leading to hyper-calcemia. People with MEN1 have 
about a 20 to 60 percent chance of developing gastrinomas. Gastrin is a hormone that 
stimulates secretion of gastric acid (HCl) by the parietal cells of the stomach and aids in 
gastric motility. The pituitary gland develops a tumour in about one in four people with 
MEN1. This tumour most often releases too much prolactin, developing a prolactinoma. 
High prolactin levels can cause excessive production of breast milk or interfere with fertility 
in women or with sex drive and fertility in men. Other pituitary tumour types in MEN1 can 
be NFPA or GH-secreting adenoma. 

5.2 The novel Multiple Endocrine Neoplasia type IV (MEN4) syndrome  
Recently, it has been recognized a new rare type MEN1-like syndrome named Multiple 
Endocrine Neoplasia type 4 (MEN4) caused by mutation of CDKN1B (Pellegata et al., 2006). 
This gene, which maps at 12p13 locus, codes for the 196 amino acid cyclin-dependent kinase 
inhibitor p27kip1. CDKN1B/p27Kip1 protein plays an important role in the cell cycle 
regulation, through the binding and inhibition of cyclin/CDK complexes during the cellular 
G1 to S phase transition (Sherr & Roberts, 1999); thus, CDKN1B/p27Kip1 participates in 
determining several cell fate decisions, including proliferation, differentiation, apoptosis, 
cell density, and even cell migration (Besson et al., 2004; Chu et al., 2008). The CDKN1B 
changes so far identified in MEN4 patients either affect the localization, the stability or the 
protein binding abilities of p27kip1. Interestingly, it has been shown that CDKN1B is a 
transcriptional gene target of Menin (Karnik et al., 2005). These findings point to a critical 
role for p27-mediated cell cycle regulation in neuroendocrine cell homeostasis.  
Six germline mutations have been identified so far. Two of them determine a truncated 
protein with an aberrant cytoplasmic localization. Other two mutations are located in p27kip1 

region involved in the binding to Grb2 or CDK2. Another one is in the p27kip1 regulatory 
region at –7 position of the Kozak sequence, and is associated with reduction in p27kip1 
protein levels. Lastly, a mutation at stop codon to Q, coding for an aberrant longer p27kip1 

including 60 aa more in comparison with the wild-type protein, has been recently identified 
(Molatore & Pellegata, 2010). Bi-allelic inactivation of CDKN1B is an exceedingly rare 
condition in human tumours, which usually exhibit hemizygous loss of the locus. Therefore, 
the finding that tumours in CDKN1B mutation carriers show loss of heterozygosity or lack 
of p27kip1 expression suggests that p27kip1 may behave as a ‘canonical’ tumour suppressor in 
neuroendocrine cells.  
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The phenotypic features associated with MEN4 are still undefined due to the small number 
of patients reported so far. It is worth noting that these families do not exhibit significant 
phenotypic differences when compared to MEN1 mutation-positive families (Bassett et al., 
1998).  

5.3 Carney complex (CNC) 
Carney complex is a hereditary condition. It is associated with spotty skin pigmentation, 
myxomas (benign or non cancerous connective tissue tumours), and benign or cancerous 
tumours of the endocrine glands such as the adrenal (Cushing’s syndrome), thyroid and 
pituitary gland (GH-secreting tumours). Although people with Carney complex have an 
increased risk of cancer, most tumours are benign. 
About 60% of people with Carney complex have a mutation in the CNC1 locus, which maps 
on chromosome 17q24 (Stratakis et al., 1996). This locus was found to harbour the 
predisposing gene protein kinase A type I-alpha regulatory subunit (PRKAR1A), encoding a 
serine/threonine protein kinase A (PKA) regulatory subunit that is the main mediator in 
cAMP signalling. The function of PRKAR1A is to bind cAMP and regulate the function of 
the catalytic subunits of the protein kinase A (PKA) holoenzyme. Inactivating PRKAR1A 
mutations have been identified in up to 60% of CNC patients meeting the diagnostic criteria 
(Kirschner et al., 2000). Almost all 40 distinct germline PRKAR1A mutations reported so far 
lead to mRNA instability, abnormal PRKAR1A and increased PKA activity with elevated 
cAMP levels in the affected tissues (Groussin et al., 2002), leading to typical manifestations 
of CNC. However, it is likely that other genes may be associated with Carney complex. 
Indeed, many of CNC tumours show amplification or deletion of the 2p16 region (the CNC2 
locus) (Matyakhina et al., 2003). 
Carney complex follows an autosomal dominant inheritance pattern, in which a mutation 
happens in only one copy of the gene. It is estimated that between 50% and 70% of cases of 
Carney complex are familial, while the remaining 30% to 50% of cases result from new 
mutations.  

5.4 Familial Isolated Pituitary Adenomas (FIPA) 
Recently, a distinct clinical entity, namely Familial Isolated Pituitary Adenomas (FIPA), has 
been reported. It characterizes families with isolated pituitary adenomas outside the clinical 
and genetic contexts of MEN1 and CNC (Daly et al., 2005).  
The pituitary tumour types occurring in these families are most commonly GH-secreting 
adenomas (causing acromegaly or acromegalic gigantism), prolactinomas or NFPA, very 
rarely ACTH-secreting adenomas (causing Cushing's disease) or TSH-secreting adenomas 
(Daly et al., 2006). The disease most often starts in adulthood, very rarely in childhood.  
The gene responsible for this familial disease has been identified in only 20% of the families. 
It is called Aryl hydrocarbon receptor (AHR) Interacting Protein, in short AIP, which is part 
of AHR pathway (Daly et al., 2007). AIP gene is located on chromosome 11q13, and its 
product is a member of the immonophilin family of proteins with three tetraicopeptide 
repeats, the TPR domains, that act as scaffolds for the assembly of different multi-protein 
complexes. AHR is a ligand-inducible transcription factor that mediates the cellular 
response to xenobiotic compounds. Upon ligand binding, AHR is activated by a 
conformation change that exposes a nuclear localization signal: the receptor translocates to 
the nucleus, where it binds to aryl hydrocarbon receptor nuclear translocator. The 
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cAMP signalling. The function of PRKAR1A is to bind cAMP and regulate the function of 
the catalytic subunits of the protein kinase A (PKA) holoenzyme. Inactivating PRKAR1A 
mutations have been identified in up to 60% of CNC patients meeting the diagnostic criteria 
(Kirschner et al., 2000). Almost all 40 distinct germline PRKAR1A mutations reported so far 
lead to mRNA instability, abnormal PRKAR1A and increased PKA activity with elevated 
cAMP levels in the affected tissues (Groussin et al., 2002), leading to typical manifestations 
of CNC. However, it is likely that other genes may be associated with Carney complex. 
Indeed, many of CNC tumours show amplification or deletion of the 2p16 region (the CNC2 
locus) (Matyakhina et al., 2003). 
Carney complex follows an autosomal dominant inheritance pattern, in which a mutation 
happens in only one copy of the gene. It is estimated that between 50% and 70% of cases of 
Carney complex are familial, while the remaining 30% to 50% of cases result from new 
mutations.  

5.4 Familial Isolated Pituitary Adenomas (FIPA) 
Recently, a distinct clinical entity, namely Familial Isolated Pituitary Adenomas (FIPA), has 
been reported. It characterizes families with isolated pituitary adenomas outside the clinical 
and genetic contexts of MEN1 and CNC (Daly et al., 2005).  
The pituitary tumour types occurring in these families are most commonly GH-secreting 
adenomas (causing acromegaly or acromegalic gigantism), prolactinomas or NFPA, very 
rarely ACTH-secreting adenomas (causing Cushing's disease) or TSH-secreting adenomas 
(Daly et al., 2006). The disease most often starts in adulthood, very rarely in childhood.  
The gene responsible for this familial disease has been identified in only 20% of the families. 
It is called Aryl hydrocarbon receptor (AHR) Interacting Protein, in short AIP, which is part 
of AHR pathway (Daly et al., 2007). AIP gene is located on chromosome 11q13, and its 
product is a member of the immonophilin family of proteins with three tetraicopeptide 
repeats, the TPR domains, that act as scaffolds for the assembly of different multi-protein 
complexes. AHR is a ligand-inducible transcription factor that mediates the cellular 
response to xenobiotic compounds. Upon ligand binding, AHR is activated by a 
conformation change that exposes a nuclear localization signal: the receptor translocates to 
the nucleus, where it binds to aryl hydrocarbon receptor nuclear translocator. The 
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heterodimer binds to the xenobiotic response element and regulates gene expression.  Loss 
of heterozygosity of AIP gene has been found in tumours of FIPA patients. According to the 
Knudson two-hit hypothesis, the first hit is due to an inherited germline mutation of one 
allele and the second hit is a somatic deletion of the other allele (Knudson, 2001).  
Almost 50 different germline AIP mutations have been demonstrated in the setting of FIPA. 
Most of them are present in the TPR domain. Other nonsense and missense mutations all 
along the coding sequence have been described (Beckers & Daly, 2007). The appearance of PA 
occurs earlier in the patients carrying AIP mutations with respect to the AIP negative patients. 
In FIPA families with normal AIP, a linkage with loci 2p16, 3q28, 4q32.3–4q33, 8q12.1, 
19q13.4, and 21q22.1 has been shown, suggesting that mutations in several other genes may 
be involved in the development of FIPA syndrome (Toledo et al., 2010). 
 

Adenoma type Incidence Mutated gene Syndrome 
GH-secreting 
PRL-secreting 

NFPA 

10% 
30% 
5% 

MEN1 
Multiple endocrine 

neoplasia type 1 
(MEN1) 

To be defined To be defined CDKN1B 
Multiple endocrine 
neoplasia type IV 

(MEN4) 
GH secreting 

GH-PRL secreting 
15% 
70% 

PRKAR1A 
CNC2 locus 

Carney complex 
(CNC) 

GH-secreting 
PRL-secreting 

NFPA 

30% 
40% 
13% 

AIP FIPA 

Table 4. Familial pituitary adenomas. 

6. Conclusions 
Based on all the events associated with the pathogenesis of PA, the sequence of genetic 
alterations likely begins, at least for GH-secreting adenomas, with an aberrant cAMP 
signalling that causes polyclonal hyperplasia and/or initial adenoma formation (as 
evidenced by GNAS and PRKAR1A involvement). Then, for all subtypes, growth of a 
monoclonal pituitary tumour is initiated and/or assisted by cell-cycle dysregulation and 
aneuploidy. Menin down-regulation, methylation of certain target genes, aneuploidy 
and/or disruption of genomic integrity in a greater scale lead to a well-growing pituitary 
adenoma, but still responsive to medical and/or surgical treatment (depending on the type). 
Finally, E2F1 activation, cell cycle dysregulation, PTTG over-expression and/or additional 
growth factor up-regulation and increased angiogenesis lead to aggressive tumours. 
However, mitotic activity is low even in aggressive PA, in contrast to tumours arising from 
more rapidly replicating tissues, and pituitary tumours rarely progress to carcinoma 
(Chesnokova & Melmed, 2010). 
Indeed, induction of premature senescence in PA, which is triggered in response to 
aneuploidy, restrains further growth and malignant transformation but allows the cells to 
remain viable and perform their physiological functions. 
Anyway, further studies are required to better understand all the genetic and epigenetic 
alterations accounting for the development of PA and the sequence with which they occur.  
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1. Introduction 
Human growth hormone (GH), a single-chain peptide of 191 amino acids, was isolated from 
somatotroph cells of the anterior pituitary gland in 1956 and first used therapeutically for 
treatment of pituitary dwarfism in 1958 (Raben, 1958). Pituitary dwarfism is the classic form  
of growth hormone deficiency during childhood. Gigantism refers to any standing height 
more than 2 standard deviations above the mean for the person's sex, age, and Tanner stage. 
Abnormally high linear growth due to excessive action of insulin-like growth factor-I (IGF-
I)/GH causes gigantism while the epiphyseal growth plates are open during childhood, as 
puberty occurs it is followed by progressive acromegalic changes leading to a picture of a 
giant with acromegalic features - acromegalic gigantism. When onset disease is  after 
epiphyseal closure, only acromegaly results. 
Acromegaly, a somatic growth and proportion disorder first described by Marie in 1886 
(Marie, 1886). Elevated levels of growth hormone and IGF-1 are the hallmarks of this 
syndrome (Melmed, et al., 1983). When Marie first desribed this syndrome at his patients, 
pitutiary overgrowth is the cause or reflection of the visceromegaly at these patients. İn 
1909, Harvey Cushing reported the remission of clinical symptoms of acromegaly after 
partial hypophysectomy, thus indicating the etiology of the disease and its potential 
treatment as well (Cushing,  1909). 

2. Epidemiology 
It is a rare condition with a prevalence less than or equal to 70 cases per million and annual 
incidence of 3 to 4 cases per million (Alexander et al., 1980;  Ritchie et al., 1990). Acromegaly 
occurs with equal frequency in males and females. The mean age at diagnosis is 40-45 years. 

3. Pathology, etiology, pathophysiology 
GH also called somatotropin is main regulator of normal growth. Its actions responsible for 
the catching up of normal adult height. The GH gene is located on chromosome 17 (Chen et 
al., 1989). There are at least three monomeric forms of GH-the predominant physiologic 22 
kd form, a less abundant 20 kd form, and a third incompletely characterized form (Lin et al., 
1992). The principal GH form in the pituitary is a 191 amino acid, single-chain, 22 kDa 
protein (22K). It is the product coded for by the GH-N gene (N for normal) and has also 
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1. Introduction 
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giant with acromegalic features - acromegalic gigantism. When onset disease is  after 
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(Marie, 1886). Elevated levels of growth hormone and IGF-1 are the hallmarks of this 
syndrome (Melmed, et al., 1983). When Marie first desribed this syndrome at his patients, 
pitutiary overgrowth is the cause or reflection of the visceromegaly at these patients. İn 
1909, Harvey Cushing reported the remission of clinical symptoms of acromegaly after 
partial hypophysectomy, thus indicating the etiology of the disease and its potential 
treatment as well (Cushing,  1909). 

2. Epidemiology 
It is a rare condition with a prevalence less than or equal to 70 cases per million and annual 
incidence of 3 to 4 cases per million (Alexander et al., 1980;  Ritchie et al., 1990). Acromegaly 
occurs with equal frequency in males and females. The mean age at diagnosis is 40-45 years. 

3. Pathology, etiology, pathophysiology 
GH also called somatotropin is main regulator of normal growth. Its actions responsible for 
the catching up of normal adult height. The GH gene is located on chromosome 17 (Chen et 
al., 1989). There are at least three monomeric forms of GH-the predominant physiologic 22 
kd form, a less abundant 20 kd form, and a third incompletely characterized form (Lin et al., 
1992). The principal GH form in the pituitary is a 191 amino acid, single-chain, 22 kDa 
protein (22K). It is the product coded for by the GH-N gene (N for normal) and has also 
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been termed GH-N (Parks, 1989). A second product arising from the same gene is the 20,000 
dalton GH variant (20K) (Lewis et al., 1978). This protein is identical to 22K, except for an 
internal 15 amino acid deletion (residues 32-46). 20K GH is the result of an alternatively 
spliced GH pre-mRNA where part of exon 3 is spliced out (DeNoto et al., 1981). İmportance 
of this heterogenicty is unknown. Both forms of hormone are secreted and have similar 
growth promoting activity, although metabolic effects of the 20K form are reduced. 20K has 
decreased insulin-like and perhaps slightly decreased diabetogenic activity compared to 
22K (Baumann et al., 1994). 
Once secreted from the pituitary, a substantial proportion of GH circulates bound to GH-
binding protein (GHBP) (Baumann et al., 1986; Herington et al., 1986; Leung et al., 1987). 
There are two forms of GHBP, a low-affinity variety and a high-affinity form. GHBP 
comprises the extracellular domain of the GH receptor (Leung et al., 1987)  which is located 
in peripheral tissues and mediates the effects of GH on target organs. The GH binding 
protein and GH receptor are products of the same gene. GHBP is produced by proteolytic 
cleavage of the receptor at the outer surface of target cells (Harrison et al., 1995). GH binding 
protein prolongs its half-life and regulates changes in free hormone concentration. Free 
portion can cross capillary membranes  and perform its actions.  
GH elicits intracellular signaling though a peripheral receptor and initiates a 
phosphorylation cascade involving the JAK/STAT (Janus kinase/signal transducers and 
activators of transcription)  pathway (Carter-Su et al., 1996). Liver contains most abundant 
receptors for GH. When GH receptor activated  this causes rapid JAK2 tyrosine kinase 
activation, leading to phosphorylation of intracellular signaling molecule including the 
STATs. Phosphorylated STAT proteins are directly translocated to the cell nucleus, where 
they elicit GH-specific target gene expression by binding to nuclear DNA (Xu et al., 1996). 
Growth hormone induces hepatic production of IGF-I responsible of  many of its growth-
promoting effects. Local production of IGF-I acting either in a paracrine or autocrine  
manner also has important biological effects, predominant of which is stimulating cell 
proliferation and inhibiting apoptosis (Le Roith et al., 2001). 
Secretion of GH from the pituitary is pulsatile. An  average half-life is 10-20 minutes, it is 
metabolized  through the kidneys, liver, or target tissues (Casanueva, 1992). In children and 
young adults, maximal GH secretion occurs within 1 hour after the onset of deep sleep 
(stage III or IV) (Finkelstein et al., 1972; Mendelson, 1982; Takahashi et al., 1968). Two 
hypothalamic hormones regulate GH secretion; Growth hormone releasing hormone 
(GHRH) provides the primary drive for GH synthesis and secretion by inducing GH gene 
transcription and hormone release and does not induce other anterior pituitary hormones 
(Barinaga et al., 1983; Thorner et al., 1984).  GHRH is needed for normal pulsatile GH 
secretion (Painson et al., 1991; Wehrenberg et al., 1982]. SRIF powerfully antagonizes the 
mitogenic effect of GHRH on somatotrophs, but does not inhibit GH synthesis (Billestrup et 
al., 1986), suppresses GH secretion mainly by high-affinity binding to SSTR2 and SSTR5 
receptor subtypes expressed on somatotrophs (Shimon, 1997). It is thought to be interaction 
between these two hypothalamic hormone plays a role in pulsatile GH secretion. 
Ghrelin is another  peptide of a primarily gastric origin, although ghrelin mRNA had been 
found in the hypothalamus  playing  a role in secretion of GH (Mozid et al., 2003). Synthetic 
analogues of ghrelin (GHS) had been produced as early as 25 years ago. Acute 
administration of GHS produces an immediate and massive release of GH. Co-
administration of GHS and GH-RH results in powerful GH rise that is greater than the effect 
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of either peptide administered alone (Bowers et al., 1991). GHS potentiate GH release in 
response to a maximum stimulating dose of exogenous GHRH (Penalva et al., 1993) and 
after a saturating dose of GHRH, although subsequent GHRH administration is ineffective, 
GHS remain fully effective (Jaffe et al., 1993). 
Stressful changes in the internal and external environments can produce brief episodes of 
hormone secretion. Hypoglycemia  leads to acute GH secretion, which is the basis for the 
insulin-induced hypoglycemia test, a gold standard evaluation of pituitary function (Gharib et 
al., 2003). In man, hyperglycemia causes transient GH suppression for 1 to 3 hours, followed 
by GH rise 3 to 5 hours after oral glucose administration (Roth et al., 1963). Elevation of free 
fatty acid levels is a strong inhibitor of GH release in normal humans (Imaki et al., 1985).  
Secretory episodes are induced by an increase in certain amino acids, particularly arginine 
and leucine. Neuropeptides, neurotransmitters, and opiates acts on the hypothalamus by 
affecting GHRH and SRIF release. Three hours after acute glucocorticoid administration, 
GH levels rise and remain elevated for 2 hours. Glucocorticoids administered to normal 
subjects dose-dependently inhibit GHRH-simulated GH secretion, similar to that seen in 
Cushing's syndrome (Casanueva et al., 1990). While acute glucocorticoid administration 
stimulates GH secretion, chronic steroid treatment inhibits GH. 
Activation of the gonadal system during puberty is accompanied by increased GH and IGF-
1 concentrations (Veldhuis et al., 2006; Giordano et al., 2005). Estrogen stimulates GH 
secretory rates, and testosterone increases GH secretory mass per pulse, with resultant IGF-I 
induction (Giustina & Veldhuis, 1998). 
Chronic malnutrition and prolonged fasting are associated with elevated GH pulse 
frequency and amplitude (Ho et al., 1988). The maximal GH levels occur within minutes of 
the onset of slow wave sleep (Holl et al., 1991). Emotional deprivation is associated with 
suppressed GH secretion and attenuated GH responses to provocative stimuli occur in 
endogenous depression (Sachar et al., 1972). Exercise and physical stress, including trauma, 
hypovolemic shock, sepsis increase GH levels (Vigas et al., 1977). 
Thyroid disorders also affect GH secretion. Some studies have reported several alterations 
of the GH/IGF axis and their binding proteins in hypothyroidism. The main alterations 
reported in untreated adult hypothyroid patients have been low serum concentrations of 
IGF-1 and IGFBP-3 that increase significantly with restoration of euthyroidism (Miell et al., 
1993; Valcavi et al., 1987).  
In hypothyroidism, GH pulsatility is decreased and GH responses to a number of 
secretagogues are attenuated (Valcavi et al., 1992). Fasting serum IGF-1 levels were found 
significantly lower in the subclinical hypothyroid and with levothyroxine treatment IGF-1 
concentrations were significantly increased in subclinical hypothyroid subjects (Akin et al., 
2008). Also in hyperthroidism GH responses to GHRH was found to be decreased whereas 
serum IGF-1 levels were increased (Valcavi et al., 1993). It could be expected to be decreased 
due to decreased pituitary GH contents as a result of permanent somatotrophic cell 
stimulation. At another study, hyperthyroid men is marked by a higher frequency of 
spontaneous GH secretory bursts, a higher rate of maximal GH secretion attained per burst, 
and a larger mass of GH released per burst (Iranmanesh et al., 1990). Effects of 
hyperthyroidism  on GH/IGF-1 axis are still contraversial. GH–IGF axis was not affected in 
patients with subclinical hyperthyroidism (Akin et al., 2009).  
GHRH have other actions which serve to feed back for GH secretory axis. GHRH stimulates 
SRIF secretion and inhibits further GHRH secretion in vitro (Aguila et al., 1985). SRIF 
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inhibits its own secretion in vitro (Peterfreund & Vale, 1984). GH and IGF-I feed back to 
modulate the GH axis at several levels. IGF-I acts directly on the pituitary to inhibit basal 
and GHRH-induced GH secretion and also to suppress GH gene expression (Berelowitz et 
al., 1981; Ceda et al., 1987; Ceda et al., 1985, Yamashita&  Melmed, 1986; Yamashita et al., 
1986). IGF-I also seems to have a direct hypothalamic effect, increasing SRIF secretion 
(Berelowitz et al., 1981).  
A benign somatotroph adenoma of the pituitary is the most common cause of acromegaly. 
Whether intracellular defects or excessive trophic influences from outside causes pitutiary 
tumor need to be discussed. Growth hormone-releasing hormone has trophic activity in the 
human pituitary (Thorner et al., 1982) and in addition to a case report of diffuse 
somatotroph hyperplasia in a patient with a growth hormone-releasing hormone-producing 
bronchial carcinoid (Ezzat et al., 1994). There are several cases of true somatotroph adenoma 
formation in patients with growth hormone-releasing hormone-producing hypothalamic 
gangliocytomas (Asa et al., 1984; Bevan et al., 1989). The clonality of a cellular expansion is a 
secure archaeologic tool capable of distinguishing an irreversible and potentially inexorably 
progressive process induced by an intracellular insult or insults from a relatively excessive 
but possibly reversible or self-limiting trophic response to stromal or microenvironmental 
signals (Levy, 2000; Levy, 2001). The finding of monoclonality in pituitary adenomas is 
thought to be  an evidence for the neoplastic origin of these lesions. Proto-oncogene 
activation is also a critical prerequisite for pituitary tumor formation. 
Pituitary carcinomas are another exceedingly rare cause of acromegaly. Infrequently 
acromegaly occurs as a result of a hypothalamic tumor secreting GHRH, ectopic secretion of 
GHRH from a peripheral neuroendocrine tumour (Thorner et al., 1984) or from excessive 
hypothalamic GHRH secretion (Asa et al., 1984).  
Several genetic disorders including multiple endocrine neoplasia type 1 (MEN1) syndrome, 
McCune Albright syndrome, familial acromegaly and Carney’s syndrome are also 
characterized with growth hormone excess. Postzygotic GNAS mutations result in a mosaic 
pattern of organ specificity with clinical features of McCune-Albright syndrome (OMIM 
174800), including pigmented skin lesions and polyostotic fibrous dysplasia, and endocrine 
dysfunction including precocious puberty, thyrotoxicosis, and GH and ACTH 
hypersecretion (Weinstein, 1991). 

4. Clinical features of acromegaly 
The clinical features of acromegaly are depend on high serum concentrations of both GH 
and IGF-I (Melmed, 2006). The effect of hypersomatotropism on tissue growth and 
metabolic function evolves slowly. 10 or more years may elapse from disease onset until 
diagnosis of the disease (Colao et al., 2004).  
Disease can be manifested also with signs and symptoms of pitutiary mass. Any pituitary 
adenoma  can cause headaches commonly retro-orbital. Another common symptom caused by 
the size and location of the tumor is decreased vision. This usually presents as temporal visual 
field defects. It is caused by the tumor growing upward out of the sella and pressing on the 
optic chiasm. Other findings  include diplopia, ptosis, opthalmoplegia as a result of extension 
into the cavernous sinus and compression of the cranial nerves. Sudden loss of vision 
secondary to apoplexy within the pituitary adenoma may ocur. Aggressive tumors can invade 
the roof of the palate and cause nasopharyngeal obstruction, infection and CSF leakage. 
Parinaud syndrome is caused by ectopic pinealomas most often accompanied with paralysis of 
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upward conjugate gaze. As pituitary tumors grow, they compress the pituitary gland, 
pituitary stalk and hypothalamus and interfere with normal pituitary hormone production. 
This reslts in partial or complete anterior pituitary hormone deficiency. Hypothyroidism 
syptoms, failure to lactate, decreased libido, infertility or oligo/amenorrhoea, sense of not well 
being  are common  symptoms of hypopitutiarism. Stalk compression leads to 
hyperprolactinemia. GH-secreting pituitary adenomas may also cosecrete prolactin. 
All patients with acromegaly have acral and soft tissue overgrowth, although the extent of 
the overgrowth varies. Soft tissue findings are macroglossia, large fleshy lips and nose, 
deepening of the voice, paresthesias of the hands , thickened skin, skin tags, coarsened body 
hair. Skin tags are common and may be markers for the adenomatous colonic polyps 
(Leavitt et al., 1983). These soft tissue changes may be attributed to glycosaminoglycan 
deposition and increased connective tissue collagen production (Verde et al., 1986). Hair 
growth increases and some women have hirsutism 56 percent in one series (Kaltsas et al., 
1999). Acromegalic patients may have a greater incidence of neuropathies because of 
compression of nerves by adjacent fibrous tissue and endoneural fibrous proliferation. The 
size and function of sebaceous and sweat glands increase complain of excessive perspiration 
and body odor. The heart, liver, kidneys, spleen, thyroid, parathyroid glands, and pancreas 
are larger than normal. 
Thyroid dysfunction in acromegaly may be caused by diffuse or nodular toxic or nontoxic 
goiter or Graves' disease, especially because IGF-I is a major determinant of thyroid cell 
growth (Kasagi, et al., 1999). As it can be a part of a MEN1 syndrome, hypercalcemia can 
also be seen. 
In the absence of GH there is severe atrophy of the epiphyseal plates, which become narrow 
as proliferation of cartilage progenitor cells slows markedly. 
Conversely, after GH is given to a hypopituitary subject, resumption of cellular proliferation 
causes columns of chondrocytes to elongate and epiphyseal plates to widen. Synovial tissue 
and cartilage enlarge, causing hypertrophic arthropathy of the knees, ankles, hips, spine and 
other joints (Biermasz et al., 2005). Local periarticular fibrous tissue thickening can cause 
joint stiffening, deformities, and nerve entrapment. Chondrocyte proliferation with 
increased joint space, ulcerations and fissures of weight-bearing cartilage areas, often 
accompanied by new bone formation. Chronic osteoarthritis causes narrowed and deformed 
joint space, osteophyte formation, subchondral cysts, and lax periarticular ligaments with 
ossification (Dons et al., 1988; 75 Lieberman et al., 1992). When excess GH secretion begins 
before the epiphyses of the long bones are fused, linear growth does increase; the result is 
pituitary gigantism. Skeletal overgrowth owing to periosteal new bone formation in 
response to IGF-1 (McCarthy, et al., 1989).  Subtle skeletal and acral overgrowth and soft 
tissue enlargement causes increased shoe and ring size. Mandibular overgrowth with 
prognathism, maxillary widening, teeth separation, jaw malocclusion other skeletal 
manifestations of the acromegaly. Prognathism, thick lips, macroglossia, and hypertrophied 
nasal structures can obstruct airways (Rosenow et al., 1996; Grunstein et al., 1994). This 
result in obstructive sleep apnea syndrome. Sleep apnea may also be central in origin and 
associated with higher GH and IGF-I levels ( Grunstein et al., 1994).  
Untreated acromegaly results in premature mortality, most commonly from cardiovascular 
disease (Ritchie et al., 1990; Wright et al., 1970; Etxabe et al., 1993; Rajasoorya et al., 1994; 
Orme et al., 1998). Asymmetric septal hypertrophy, left ventricular hypertrophy, 
cardiomegaly and cardiac failure develop; effective treatment reducing growth hormone 
and IGF-1 serum levels improves cardiac function (Colao et al., 1999). Heart failure occurs in 
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This reslts in partial or complete anterior pituitary hormone deficiency. Hypothyroidism 
syptoms, failure to lactate, decreased libido, infertility or oligo/amenorrhoea, sense of not well 
being  are common  symptoms of hypopitutiarism. Stalk compression leads to 
hyperprolactinemia. GH-secreting pituitary adenomas may also cosecrete prolactin. 
All patients with acromegaly have acral and soft tissue overgrowth, although the extent of 
the overgrowth varies. Soft tissue findings are macroglossia, large fleshy lips and nose, 
deepening of the voice, paresthesias of the hands , thickened skin, skin tags, coarsened body 
hair. Skin tags are common and may be markers for the adenomatous colonic polyps 
(Leavitt et al., 1983). These soft tissue changes may be attributed to glycosaminoglycan 
deposition and increased connective tissue collagen production (Verde et al., 1986). Hair 
growth increases and some women have hirsutism 56 percent in one series (Kaltsas et al., 
1999). Acromegalic patients may have a greater incidence of neuropathies because of 
compression of nerves by adjacent fibrous tissue and endoneural fibrous proliferation. The 
size and function of sebaceous and sweat glands increase complain of excessive perspiration 
and body odor. The heart, liver, kidneys, spleen, thyroid, parathyroid glands, and pancreas 
are larger than normal. 
Thyroid dysfunction in acromegaly may be caused by diffuse or nodular toxic or nontoxic 
goiter or Graves' disease, especially because IGF-I is a major determinant of thyroid cell 
growth (Kasagi, et al., 1999). As it can be a part of a MEN1 syndrome, hypercalcemia can 
also be seen. 
In the absence of GH there is severe atrophy of the epiphyseal plates, which become narrow 
as proliferation of cartilage progenitor cells slows markedly. 
Conversely, after GH is given to a hypopituitary subject, resumption of cellular proliferation 
causes columns of chondrocytes to elongate and epiphyseal plates to widen. Synovial tissue 
and cartilage enlarge, causing hypertrophic arthropathy of the knees, ankles, hips, spine and 
other joints (Biermasz et al., 2005). Local periarticular fibrous tissue thickening can cause 
joint stiffening, deformities, and nerve entrapment. Chondrocyte proliferation with 
increased joint space, ulcerations and fissures of weight-bearing cartilage areas, often 
accompanied by new bone formation. Chronic osteoarthritis causes narrowed and deformed 
joint space, osteophyte formation, subchondral cysts, and lax periarticular ligaments with 
ossification (Dons et al., 1988; 75 Lieberman et al., 1992). When excess GH secretion begins 
before the epiphyses of the long bones are fused, linear growth does increase; the result is 
pituitary gigantism. Skeletal overgrowth owing to periosteal new bone formation in 
response to IGF-1 (McCarthy, et al., 1989).  Subtle skeletal and acral overgrowth and soft 
tissue enlargement causes increased shoe and ring size. Mandibular overgrowth with 
prognathism, maxillary widening, teeth separation, jaw malocclusion other skeletal 
manifestations of the acromegaly. Prognathism, thick lips, macroglossia, and hypertrophied 
nasal structures can obstruct airways (Rosenow et al., 1996; Grunstein et al., 1994). This 
result in obstructive sleep apnea syndrome. Sleep apnea may also be central in origin and 
associated with higher GH and IGF-I levels ( Grunstein et al., 1994).  
Untreated acromegaly results in premature mortality, most commonly from cardiovascular 
disease (Ritchie et al., 1990; Wright et al., 1970; Etxabe et al., 1993; Rajasoorya et al., 1994; 
Orme et al., 1998). Asymmetric septal hypertrophy, left ventricular hypertrophy, 
cardiomegaly and cardiac failure develop; effective treatment reducing growth hormone 
and IGF-1 serum levels improves cardiac function (Colao et al., 1999). Heart failure occurs in 
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3 to 10 percent of patients (Damjanovic et al., 2002;  Bihan et al., 2004). An increased 
prevalence of valvular heart disease has also been reported. Arterial blood pressure (systolic 
and diastolic) is higher with loss of normal daily circadian variability (Terzolo et al., 1999). 
Hypertension was reported in approximately one third of patients who had acromegaly 
(Pietrobelli et al., 2001; Minniti et al., 1998). Insulin resistance and diabetes mellitus occur as 
a result of direct anti-insulin effects of GH (Coculescu et al., 2007; Kasayama et al., 2000). 
Several benign and malignant neoplasms, especially in the gastrointestinal tract, have been 
reported in association with acromegaly (Cheung et al., 1997; Ron et al., 1991), particularly 
colorectal tubular adenomas and carcinoma (Jenkins et al., 2001; Jenkins, 2006). It is related 
to disease activity with patients with elevated serum growth hormone and IGF-I levels 
being particularly prone to developing colonic adenomas (Jenkins et al., 2000). A compelling 
cause-and-effect relationship of acromegaly with cancer has not been established 
(Delhougne et al., 1995; Ladas et al., 1994). A recent controlled study in 161 patients revealed 
no increase in polyp incidence in acromegaly (Renehan et al., 2000). Analysis of nine 
retrospective reports (1956-1998) encompassing 21,470 person-years at risk, yielded no 
significant increased cancer incidence (Melmed et al., 2001). 
Whether patients with acromegaly are also prone to other malignancies remains 
controversial. Certainly there is epidemiological evidence in the general population that 
serum IGF-I levels in the upper part of the normal range are associated with an increased 
risk of breast and prostate cancer and some reviews have shown the former to be increased 
in acromegaly (Renehan et al., 2004; Nabarro, 1987). 

5. Molecular pathogenesis of acromegaly 
GH elicits intracellular signaling though a peripheral receptor and initiates a 
phosphorylation cascade involving the JAK/STAT (Janus kinase/signal transducers and 
activators of transcription)  pathway (Carter-Su et al., 1996). The STAT proteins become 
phosphorylated and translocate into the cell nucleus. Transcription of target proteins, such 
as IGF-I evoke pleiotropic cell responses including IGF1 synthesis, glucose metabolism, cell 
proliferation, and cytoskeletal changes.  
STAT5b is the key intracellular molecule required for GH mediation of postnatal growth, 
adipose tissue function, and sexual dimorphism of hepatic gene expression (Lanning et al., 
2006). In humans, STAT mutations result in relative GH insensitivity and growth 
retardation (Kofoed , 2003). 

6. Diagnosis 
Normal GH production from the pituitary gland is pulsatile with the maximal production 
occurring at night. Even though episodic basal growth hormone secretion patterns are 
sustained in acromegaly, diurnal variation and the sleep-related growth hormone rise are 
lost (Barkan et al., 1989). Most values of GH fall in the range of 0.1–0.2 μg/L in normal 
subjects. However there are six to ten secretory bursts during the day when GH reaches 
values of 5–30 μg/L, which may overlap with values seen in acromegalic patients. Therefore 
the only value of a random GH measurement is that of excluding acromegaly if it is 
undetectable . Unlike the largely undetectable nadir GH levels in normal subjects, those 
with acromegaly sampled over 24 hours contain detectable levels of GH (>2 μg/L) Elevated 
integrated growth hormone levels during 24-hour sampling of less than 2.5 mug/L 
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effectively exclude acromegaly (Duncan et al., 1999). The optimal way to assess the overall 
daily GH production is to obtain a mean GH over 24 h by frequent GH sampling. However, 
this method is inconvenient both for the patient and the clinician (Cordero et al., 2008). 
The current international consensus for the diagnosis of acromegaly (Giustina et al., 2000) 
recommends a nadir GH of more than 1 μg/L during an OGTT for diagnosis in conjunction 
with clinical suspicion and high IGF-1 levels. Using more sensitive newer assays, the GH 
cut-off may be even lower (Freda et al., 2003). There is a need to verify the current 
guidelines and propose lowering the current cut off for GH nadir (Costas et al., 2002; Serri et 
al., 2004). The standard OGTT consists of the administration of 75 g of glucose with GH 
measurements at various time points for up to 120 min. Normal subjects demonstrate a 
suppression of GH concentration to 2 μg/L or less throughout the 2 hours of testing 
(Chapman et al., 1994; Hattori et al., 1990). Acromegalic subjects often gives response 
paradoxically higher GH levels. Clinicians should be aware that the OGTT’s usefulness is 
limited in high catabolic states, such as stress, hepatic and renal failure, diabetes mellitus, 
obesity, pregnancy, patients on estrogen replacement or in tall adolescents in whom GH 
values may be falsely elevated (Duncan et al., 1999; Melmed et al., 2006). 
Serum sex and age-matched elevated IGF-1 levels are highly specific for acromegaly in the 
nonpregnant adult and correlate with clinical disease activity (Clemmons et al., 1979). IGF-1 
is an ideal screening test as it has a long half life of 18–20 h and the levels remain stable 
throughout the day (Giustina et al., 2000). Furthermore IGF-1 correlates with mean GH 
levels (Barkan et al., 1988) and with clinical features of acromegaly (Clemmons et al., 1979). 
Even several months after treatment when growth hormone levels are controlled, IGF-1 
serum levels may remain persistently high (Drange et al., 1999). Multiple physiologic factors 
affect IGF-1 levels and need to be taken into account when interpreting the data. IGF-1 is 
affected by age and gender (Ghigo et al., 1996) with approximately 14% decrease per decade 
during adult life (Brabant et al., 2003). Again a uniform standard for age range had not been 
established (Pokrajac et al., 2007) where serum samples with GH and IGF-1 levels close to 
the current Cortina consensus (Giustina et al., 2000) cutoffs were distributed to different 
centers to evaluate variability in assay performance. Other problems include the assay 
susceptibility to interference from binding proteins and the tendency of IGF-1 to plateau at 
mean GH levels above approximately 20 μg/L (Barkan et al., 1988). The use of exogenous 
estrogen, malnutrition, liver and renal failure decrease IGF-1 levels (Ho et al., 1922; Freda et 
al., 2003; Ho et al., 2003). On the other hand, normal pregnancy and adolescence are 
associated with elevated IGF-1 levels (Duncan et al., 1999). 
IGFBP-3 levels are also elevated. However, considerable overlap of these values with those 
in normal persons, thereby limiting the utility of this measurement. 
Magnetic resonance imaging (MRI) of the pituitary gland is the preferred imaging modality 
for diagnosis in acromegaly. An MRI provides the best assessment of tumor size, location, 
extent, and relationship to important surrounding structures and is essential for the 
neurosurgeon to adequately plan surgery and to monitor treatment. If an MRI is not 
available, a computed tomography (CT) study directed at the pituitary region may be done. 
Ectopic GHRH producing tumors may arise from bronchial and pancreatic neuroendocrine 
tumors, pheochromocytomas, pulmonary endocrine carcinomas, or rarely thymic carcinod 
(Vieira et al., 2007; Sugihara et al., 2007; Fainstein et al., 2007; Nasr et al.,2006; Bolanowski et 
al., 2006; Jansson et al., 1998). The measurement of plasma GHRH concentrations can be 
very helpful in identifying an ectopic source of GHRH in these particular cases. Total body 
scintigraphy with radiolabled somatostatin should be performed to localize the tumor and 
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3 to 10 percent of patients (Damjanovic et al., 2002;  Bihan et al., 2004). An increased 
prevalence of valvular heart disease has also been reported. Arterial blood pressure (systolic 
and diastolic) is higher with loss of normal daily circadian variability (Terzolo et al., 1999). 
Hypertension was reported in approximately one third of patients who had acromegaly 
(Pietrobelli et al., 2001; Minniti et al., 1998). Insulin resistance and diabetes mellitus occur as 
a result of direct anti-insulin effects of GH (Coculescu et al., 2007; Kasayama et al., 2000). 
Several benign and malignant neoplasms, especially in the gastrointestinal tract, have been 
reported in association with acromegaly (Cheung et al., 1997; Ron et al., 1991), particularly 
colorectal tubular adenomas and carcinoma (Jenkins et al., 2001; Jenkins, 2006). It is related 
to disease activity with patients with elevated serum growth hormone and IGF-I levels 
being particularly prone to developing colonic adenomas (Jenkins et al., 2000). A compelling 
cause-and-effect relationship of acromegaly with cancer has not been established 
(Delhougne et al., 1995; Ladas et al., 1994). A recent controlled study in 161 patients revealed 
no increase in polyp incidence in acromegaly (Renehan et al., 2000). Analysis of nine 
retrospective reports (1956-1998) encompassing 21,470 person-years at risk, yielded no 
significant increased cancer incidence (Melmed et al., 2001). 
Whether patients with acromegaly are also prone to other malignancies remains 
controversial. Certainly there is epidemiological evidence in the general population that 
serum IGF-I levels in the upper part of the normal range are associated with an increased 
risk of breast and prostate cancer and some reviews have shown the former to be increased 
in acromegaly (Renehan et al., 2004; Nabarro, 1987). 

5. Molecular pathogenesis of acromegaly 
GH elicits intracellular signaling though a peripheral receptor and initiates a 
phosphorylation cascade involving the JAK/STAT (Janus kinase/signal transducers and 
activators of transcription)  pathway (Carter-Su et al., 1996). The STAT proteins become 
phosphorylated and translocate into the cell nucleus. Transcription of target proteins, such 
as IGF-I evoke pleiotropic cell responses including IGF1 synthesis, glucose metabolism, cell 
proliferation, and cytoskeletal changes.  
STAT5b is the key intracellular molecule required for GH mediation of postnatal growth, 
adipose tissue function, and sexual dimorphism of hepatic gene expression (Lanning et al., 
2006). In humans, STAT mutations result in relative GH insensitivity and growth 
retardation (Kofoed , 2003). 

6. Diagnosis 
Normal GH production from the pituitary gland is pulsatile with the maximal production 
occurring at night. Even though episodic basal growth hormone secretion patterns are 
sustained in acromegaly, diurnal variation and the sleep-related growth hormone rise are 
lost (Barkan et al., 1989). Most values of GH fall in the range of 0.1–0.2 μg/L in normal 
subjects. However there are six to ten secretory bursts during the day when GH reaches 
values of 5–30 μg/L, which may overlap with values seen in acromegalic patients. Therefore 
the only value of a random GH measurement is that of excluding acromegaly if it is 
undetectable . Unlike the largely undetectable nadir GH levels in normal subjects, those 
with acromegaly sampled over 24 hours contain detectable levels of GH (>2 μg/L) Elevated 
integrated growth hormone levels during 24-hour sampling of less than 2.5 mug/L 

 
Acromegaly and Gigantism 

 

57 

effectively exclude acromegaly (Duncan et al., 1999). The optimal way to assess the overall 
daily GH production is to obtain a mean GH over 24 h by frequent GH sampling. However, 
this method is inconvenient both for the patient and the clinician (Cordero et al., 2008). 
The current international consensus for the diagnosis of acromegaly (Giustina et al., 2000) 
recommends a nadir GH of more than 1 μg/L during an OGTT for diagnosis in conjunction 
with clinical suspicion and high IGF-1 levels. Using more sensitive newer assays, the GH 
cut-off may be even lower (Freda et al., 2003). There is a need to verify the current 
guidelines and propose lowering the current cut off for GH nadir (Costas et al., 2002; Serri et 
al., 2004). The standard OGTT consists of the administration of 75 g of glucose with GH 
measurements at various time points for up to 120 min. Normal subjects demonstrate a 
suppression of GH concentration to 2 μg/L or less throughout the 2 hours of testing 
(Chapman et al., 1994; Hattori et al., 1990). Acromegalic subjects often gives response 
paradoxically higher GH levels. Clinicians should be aware that the OGTT’s usefulness is 
limited in high catabolic states, such as stress, hepatic and renal failure, diabetes mellitus, 
obesity, pregnancy, patients on estrogen replacement or in tall adolescents in whom GH 
values may be falsely elevated (Duncan et al., 1999; Melmed et al., 2006). 
Serum sex and age-matched elevated IGF-1 levels are highly specific for acromegaly in the 
nonpregnant adult and correlate with clinical disease activity (Clemmons et al., 1979). IGF-1 
is an ideal screening test as it has a long half life of 18–20 h and the levels remain stable 
throughout the day (Giustina et al., 2000). Furthermore IGF-1 correlates with mean GH 
levels (Barkan et al., 1988) and with clinical features of acromegaly (Clemmons et al., 1979). 
Even several months after treatment when growth hormone levels are controlled, IGF-1 
serum levels may remain persistently high (Drange et al., 1999). Multiple physiologic factors 
affect IGF-1 levels and need to be taken into account when interpreting the data. IGF-1 is 
affected by age and gender (Ghigo et al., 1996) with approximately 14% decrease per decade 
during adult life (Brabant et al., 2003). Again a uniform standard for age range had not been 
established (Pokrajac et al., 2007) where serum samples with GH and IGF-1 levels close to 
the current Cortina consensus (Giustina et al., 2000) cutoffs were distributed to different 
centers to evaluate variability in assay performance. Other problems include the assay 
susceptibility to interference from binding proteins and the tendency of IGF-1 to plateau at 
mean GH levels above approximately 20 μg/L (Barkan et al., 1988). The use of exogenous 
estrogen, malnutrition, liver and renal failure decrease IGF-1 levels (Ho et al., 1922; Freda et 
al., 2003; Ho et al., 2003). On the other hand, normal pregnancy and adolescence are 
associated with elevated IGF-1 levels (Duncan et al., 1999). 
IGFBP-3 levels are also elevated. However, considerable overlap of these values with those 
in normal persons, thereby limiting the utility of this measurement. 
Magnetic resonance imaging (MRI) of the pituitary gland is the preferred imaging modality 
for diagnosis in acromegaly. An MRI provides the best assessment of tumor size, location, 
extent, and relationship to important surrounding structures and is essential for the 
neurosurgeon to adequately plan surgery and to monitor treatment. If an MRI is not 
available, a computed tomography (CT) study directed at the pituitary region may be done. 
Ectopic GHRH producing tumors may arise from bronchial and pancreatic neuroendocrine 
tumors, pheochromocytomas, pulmonary endocrine carcinomas, or rarely thymic carcinod 
(Vieira et al., 2007; Sugihara et al., 2007; Fainstein et al., 2007; Nasr et al.,2006; Bolanowski et 
al., 2006; Jansson et al., 1998). The measurement of plasma GHRH concentrations can be 
very helpful in identifying an ectopic source of GHRH in these particular cases. Total body 
scintigraphy with radiolabled somatostatin should be performed to localize the tumor and 
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to demonstrate somatostatin receptor expression by the tumor which may respond 
favorably to somatostatin analogue therapy (Kwekkeboom et al., 1993; Drange et al., 1998).  

7. Differential diagnosis 
Exclusion of an abnormality of the somatotrophic axis in a young patient with acromegaloid 
features should lead the differential diagnosis towards diagnoses such as 
pachydermoperiostosis (Hambrick et al., 1996; Rimoin, 1965; Harbison et al., 1971) or insulin 
mediated pseudoacromegaly, a disorder associated with severe insulin resistance (Flier et 
al., 1993). These nadir entities must be considered at differential diagnosis of acromegaly. 

8. Treatment   
Treatment should aim at managing the tumor mass and GH hypersecretion to prevent 
morbidity and increased mortality while preserving normal pituitary function. Complete 
surgical removal of GH-secreting tumors results in hormonal control of acromegaly and 
improvement of soft tissue changes. After successful resection, growth hormone levels 
return to normal within 1 hour, and metabolic dysfunction and soft-tissue swelling quickly 
resolve. In patients with intrasellar microadenomas, surgical removal provides biochemical 
control with normalization of IGF-I in 75–95% of patients (De et al., 2003; Ludecke et al., 
2006; Nomikos et al., 2005; Kaltsas et al., 2001; Shimon et al., 2001; Beauregard et al., 2003). 
Transsphenoidal microsurgical adenomectomy approach is used most commonly and, in the 
hands of experienced neurosurgeons, cures the majority of patients who are harboring a 
well-circumscribed microadenoma and who have serum GH levels less than 40 μg/L 
(Gittoes et al., 1999; Shimon et al., 2001; Kreutzer et al., 2001). Control rates are lower in 
patients with noninvasive macroadenomas  but even in these cases surgical removal 
provides biochemical biochemical control with normalization of IGF-I in 40–68% of patients 
(De et al., 2003; Ludecke et al., 2006; Nomikos et al., 2005; Kaltsas et al., 2001; Shimon et al., 
2001; Beauregard et al., 2003).  The success of surgery depends on the skill and experience of 
the surgeon in resecting the entire tumor without damaging normal anterior pituitary tissue. 
Craniotomy is very rarely indicated in patients with acromegaly. 
Post-transsphenoidal surgical mortality is rare and most side effects are transient. 
Permanent diabetes insipidus, cerebrospinal fluid leak, hemorrhage, and meningitis develop 
in up to 5%  and their frequency correlates with tumor size, invasiveness, and neurosurgical 
experience (Gittoes et al., 1999). In experienced hands, other complications of 
transsphenoidal surgery are rare including transient oculomotor palsies, deterioration of 
vision, carotid artery injury and epistaxis (occurring in less than 1% of patients) (Ludecke & 
Abbe , 2006; Nomikos et al., 2005). 
Dopamine agonists (DAs), somatostatin receptor ligands (SRLs), and a GH receptor antagonist 
(GHRA) are the drugs  classes available for the treatment of acromegaly. SRLs are the first-
choice pharmacotherapy for treating patients who have acromegaly. Two formulas are 
available for treatment of acromegaly octreotide  and lanreotide. Somatotroph and thyrotroph 
cells express mainly two of five SRIF receptors, SSTR2 and SSTR5 that mediate growth 
hormone and TSH secretion (Shimon & Melmed, 1998; Weckbecker et al., 2003).  
Octreotide is a short-acting somatostatin analogue that binds mainly to SSTR2 and to a 
lesser extent to SSTR5 (Lamberts, 1988). Lanreotid also acts in a same way.  Octreotide also 
exhibits some SST3 affinity (Patel, 1999). Sandostatin LAR (octreotide acetate) is a long-
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acting somatostatin analogue (Flogstad et al., 1995; Lancranjan et al., 1999) requiring 
monthly injections. Starting dose is 20-mg monthly increasing up to 40 mg depending on 
clinical and biochemical responses. Depot preparation of lanreotide delivered as an 
aqueous, small-volume mixture (60, 90, or 120 mg) in prefilled syringes for deep 
subcutaneous administration every 28 days (Biermasz et al., 2005). 
Most studies assessing SRLs efficacy in acromegaly define disease control by mean fasting 
random serum GH levels less than 2.5 μg/L or normalization of age- and gender-matched 
IGF-1 plasma levels .Treatment with depot form of lanreotide (60 mg every 21 or 28 days) 
reduced GH less than 2.5 μg/L in 76% of patients (Attanasio et al.,2003; Ambrosio et al., 
2002). In another study, monthly injections sandostatin for 9 years reduced integrated serum 
GH levels to less than 2 μg/L in more than 75% of patients (Cozzi et al., 2006). More than 
70% of patients experience improved general well-being, and soft tissue swelling dissipates 
within several days of treatment (Ezzat, et al., 1992). Headache, a common symptom in 
acromegaly, usually resolves within minutes of injection (Pascual et al., 1991) reflecting a 
specific central analgesic effect. 
Joint function and crepitus improve, ultrasound shows evidence of bone or cartilage repair, 
and after several months, sleep apnea improves (Colao et al., 2004). Asymptomatic patients 
experience a significant decrease of blood pressure, heart rate, and left ventricular (LV) wall 
thickness (Colao et al., 2000). 
SRLs are effective also in reducing tumor size. Significant tumor size decrease has been 
reported in 52% of patients on primary therapy (Bevan et al., 2005). A critical analysis of 14 
studies reported that 37% of patients treated primarily by SRL experience significant tumor 
shrinkage (Melmed et al., 2005). 
In vivo octreoscan imaging visualizing SRIF receptors demonstrates that GH responsiveness 
directly correlates with the abundance of pituitary receptors, and patients resistant to 
octreotide do not have visible receptor binding sites (Ur et al., 1992). Efficacy of octreotide 
action is determined by frequency of drug administration, total daily dose, tumor size, 
densely granulated tumors (Bhayana et al., 2005) and pretreatment GH levels. 
The use of SRLs is most appropriate; as first-line therapy when there is a low probability of a 
surgical cure (Melmed et al., 2005; Cozzi et al., 2006; Maiza et al., 2007; Mercado et al., 2007; 
Colao, et al., 2006) after surgery has failed to achieve biochemical control, before surgery to 
improve severe comorbidities that prevent or could complicate immediate surgery (Carlsen 
et al., 2008) to provide disease control, or partial control in the time between administration 
of radiation therapy and the onset of maximum benefit attained from radiation therapy 
(Melmed et al., 2009). Gastrointestinal symptoms including  nausea, mild malabsorption, 
flatulence, diarrhea or constipation are common mild side effects of SRLs. Multiple small 
gallstones and gallbladder sludge may occur, occasionally result in cholecystitis. Abnormal 
glucose metabolism is described with the use of SRLs, as activation of SST2 and SST5 in the 
pancreatic insulin-secreting beta cells likely inhibits insulin secretion and counter-regulatory 
hormones, such as glucagon. Mild hyperglycemia and, rarely hypoglycemia (Bruttomesso et 
al., 2001) manifest mostly in patients who have pre-existing glucose abnormalities. 
Octreotide can interact with several drugs including cyclosporine. Absorption of oral 
hypoglycemic agents, β-blockers, calcium channel blockers can be change and dosage 
titration should be made slowly with SRL at patients using these agents.  Asymptomatic 
sinus bradycardia can also be seen with these drugs. 
Only cabergoline has any efficacy in acromegaly, and this is limited monotherapy  effective 
in less than 10% of patients (Bevan et al., 1992; Colao et al., 1997; Abs et al., 1998; Cozzi et al., 
1998). Patients with hyperprolactinemia and minimal GH elevation might benefit most from 
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to demonstrate somatostatin receptor expression by the tumor which may respond 
favorably to somatostatin analogue therapy (Kwekkeboom et al., 1993; Drange et al., 1998).  

7. Differential diagnosis 
Exclusion of an abnormality of the somatotrophic axis in a young patient with acromegaloid 
features should lead the differential diagnosis towards diagnoses such as 
pachydermoperiostosis (Hambrick et al., 1996; Rimoin, 1965; Harbison et al., 1971) or insulin 
mediated pseudoacromegaly, a disorder associated with severe insulin resistance (Flier et 
al., 1993). These nadir entities must be considered at differential diagnosis of acromegaly. 

8. Treatment   
Treatment should aim at managing the tumor mass and GH hypersecretion to prevent 
morbidity and increased mortality while preserving normal pituitary function. Complete 
surgical removal of GH-secreting tumors results in hormonal control of acromegaly and 
improvement of soft tissue changes. After successful resection, growth hormone levels 
return to normal within 1 hour, and metabolic dysfunction and soft-tissue swelling quickly 
resolve. In patients with intrasellar microadenomas, surgical removal provides biochemical 
control with normalization of IGF-I in 75–95% of patients (De et al., 2003; Ludecke et al., 
2006; Nomikos et al., 2005; Kaltsas et al., 2001; Shimon et al., 2001; Beauregard et al., 2003). 
Transsphenoidal microsurgical adenomectomy approach is used most commonly and, in the 
hands of experienced neurosurgeons, cures the majority of patients who are harboring a 
well-circumscribed microadenoma and who have serum GH levels less than 40 μg/L 
(Gittoes et al., 1999; Shimon et al., 2001; Kreutzer et al., 2001). Control rates are lower in 
patients with noninvasive macroadenomas  but even in these cases surgical removal 
provides biochemical biochemical control with normalization of IGF-I in 40–68% of patients 
(De et al., 2003; Ludecke et al., 2006; Nomikos et al., 2005; Kaltsas et al., 2001; Shimon et al., 
2001; Beauregard et al., 2003).  The success of surgery depends on the skill and experience of 
the surgeon in resecting the entire tumor without damaging normal anterior pituitary tissue. 
Craniotomy is very rarely indicated in patients with acromegaly. 
Post-transsphenoidal surgical mortality is rare and most side effects are transient. 
Permanent diabetes insipidus, cerebrospinal fluid leak, hemorrhage, and meningitis develop 
in up to 5%  and their frequency correlates with tumor size, invasiveness, and neurosurgical 
experience (Gittoes et al., 1999). In experienced hands, other complications of 
transsphenoidal surgery are rare including transient oculomotor palsies, deterioration of 
vision, carotid artery injury and epistaxis (occurring in less than 1% of patients) (Ludecke & 
Abbe , 2006; Nomikos et al., 2005). 
Dopamine agonists (DAs), somatostatin receptor ligands (SRLs), and a GH receptor antagonist 
(GHRA) are the drugs  classes available for the treatment of acromegaly. SRLs are the first-
choice pharmacotherapy for treating patients who have acromegaly. Two formulas are 
available for treatment of acromegaly octreotide  and lanreotide. Somatotroph and thyrotroph 
cells express mainly two of five SRIF receptors, SSTR2 and SSTR5 that mediate growth 
hormone and TSH secretion (Shimon & Melmed, 1998; Weckbecker et al., 2003).  
Octreotide is a short-acting somatostatin analogue that binds mainly to SSTR2 and to a 
lesser extent to SSTR5 (Lamberts, 1988). Lanreotid also acts in a same way.  Octreotide also 
exhibits some SST3 affinity (Patel, 1999). Sandostatin LAR (octreotide acetate) is a long-
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acting somatostatin analogue (Flogstad et al., 1995; Lancranjan et al., 1999) requiring 
monthly injections. Starting dose is 20-mg monthly increasing up to 40 mg depending on 
clinical and biochemical responses. Depot preparation of lanreotide delivered as an 
aqueous, small-volume mixture (60, 90, or 120 mg) in prefilled syringes for deep 
subcutaneous administration every 28 days (Biermasz et al., 2005). 
Most studies assessing SRLs efficacy in acromegaly define disease control by mean fasting 
random serum GH levels less than 2.5 μg/L or normalization of age- and gender-matched 
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(Melmed et al., 2009). Gastrointestinal symptoms including  nausea, mild malabsorption, 
flatulence, diarrhea or constipation are common mild side effects of SRLs. Multiple small 
gallstones and gallbladder sludge may occur, occasionally result in cholecystitis. Abnormal 
glucose metabolism is described with the use of SRLs, as activation of SST2 and SST5 in the 
pancreatic insulin-secreting beta cells likely inhibits insulin secretion and counter-regulatory 
hormones, such as glucagon. Mild hyperglycemia and, rarely hypoglycemia (Bruttomesso et 
al., 2001) manifest mostly in patients who have pre-existing glucose abnormalities. 
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dopamine agonist treatment. Main usages of DAs are; when the patient prefers oral 
medication, after surgery in selected patients, such as those with markedly elevated 
prolactin and/or modestly elevated GH and IGF-I levels (Melmed et al., 2009) as additive 
therapy to SRL therapy in patients partially responsive to a maximum SRL dose  (Wagenaar 
et al., 1990; Sadoul et al., 1992; Cremonini et al., 1992; Marzullo et al., 1999; Cozzi et al., 2004; 
Selvarajah et al., 2005). Side effects of DAs include gastrointestinal discomfort, transient 
nausea and vomiting, nasal congestion, dizziness, postural hypotension, headache, and 
mood disorders (Colao et al., 1997). It is known that increased incidence of valvular heart 
disease with high doses of carbegoline. 
GH action through the surface membrane GH receptor is mediated by ligand-induced 
receptor signaling. The postreceptor GH signal is not elicited if the receptor is bound by 
pegvisomant, a GH-receptor antagonist, which blocks subsequent IGF-I generation (Trainer, 
et al., 2000). Daily pegvisomant (20 mg) given for 12 weeks, normalized IGF-1 levels in 82% 
of patients who had acromegaly (Kopchick et al., 2002). The indications for its use are; in 
patients that have persistently elevated IGF-I levels despite maximal therapy with other 
treatment modalities, possibly as monotherapy or in combination with a SRL in other 
patients (Melmed et al., 2009).  
 Because elevated hepatic transaminases have been reported (Biering et al., 2006) liver 
enzymes should be measured every 6 months. Serum GH levels are increased as much as 
76% over baseline levels and persistent tumor growth is reported (Trainer et al., 2000) even 
though, in most cases, GH-secreting adenoma volumes do not change (Van der Lely et 
al.,2001; Barkan et al., 2005). Current recommendations are to perform a pituitary MRI every 
6 months in all patients (Melmed et al., 2006). 
Primary or adjuvant radiation of GH-secreting tumors may be achieved by conventional 
external deep X-ray therapy, proton beam, or gamma knife radiation surgery. It is usually 
reserved for patients who have postoperative persistent or recurrent tumors that are 
resistant or intolerant to medical treatment may benefit from radiotherapy.After 
conventional radiation (up to 5000 rads divided in 180-rad fractions over 6 weeks), tumors 
cease growing and shrink in most of patients (Biermasz et al., 2000). Conventional 
radiotherapy (conformal fractionated radiotherapy) can lower GH levels and normalize IGF-
I in over 60% of patients, but maximum response is achieved 10–15 yr after radiotherapy is 
administered (Barrande et al., 2000; Jenkins et al., 2006; Minniti et al., 2005). 
Stereotactic radiosurgery using gamma knife delivers a single tumor-focused radiation 
fraction. Five-year remission rates with gamma knife radiotherapy in patients with acromegaly 
(after surgical debulking) range from 29 to 60% (Attanasio et al., 2003; Castinetti et al., 2005; 
Jezkova et al., 2006; Pollock et al., 2007). After 10 years, about half of all patients receiving 
radiation therapy have signs of pituitary trophic hormone disruption, and this prevalence 
increases annually thereafter.  Side effects of conventional radiation including hair loss, cranial 
nerve palsies, tumor necrosis with hemorrhage, and loss of vision or pituitary apoplexy (both 
rare) have been documented in up to 2% of patients (Van der Lely, 1997). Lethargy, impaired 
memory, brain tumors at irradiation site and personality changes can also occur. 

9. Posttreatment follow-up 
GH and IGF-I should be measured to assess the biochemical response to any medical 
treatment. OGTT and IGF-1 measurement wit clinical examination should be performed at 
3–6 months after surgery, and 3-4 months period thereafter. If patient receivig pegvisomant, 
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monitoring should be made with only IGF-1. OGTT is not helpful in monitoring therapeutic 
responses while patients are receiving SRL therapy (Arafat et al., 2008; Carmichael et al., 
2009). Biochemical control is generally defined as a normal IGF-I for age and gender and age 
less than 1.0 ng/ml during an OGTT. After biochemical control is achieved, follow up of 
patients can be made semiannually. With usage of more sensitive GH level less than 0.4 
ng/ml thought to be consistent with remission. Pituitary MRI shhuld be performed 
annually, especially at patients having residual tumor and medical treatment. 
Colonoscopy should be performed at three- to four-year intervals in patients over 50 years 
old and in those with more than three skin tags for early detection and treatment of 
premalignant colonic polyps (Melmed, 2002). At follow up patients should be evaluated 
periodically for cardiovascular, skletal, dental problems. 

10. Future prospects of acromegaly 
Bogazzi et al. (Bogazzi et al., 2004) reported that thiazolidinedione treatment might slow 
down the growth of well-established GH-secreting tumors and might effectively reduce the 
GH hypersecretion. In a study, rosiglitazone, used at maximum approved dosage, did not 
reduce plasma GH and IGF-1 levels in patients with acromegaly (Bastemir et al., 2007 ). 
In recent years, molecular studies investigated the possible association of gene 
polymorphisms and susceptibility to diseases. Recently, a polymorphism in the promotor 
region of the IGF-I gene which is associated with IGF-I serum levels, birthweight and body 
height in adults has been identified (Vaessen et al., 2001; Rietveld et al., 2004). 194 bp allele 
(20 CA repeats) of the IGF-I promoter have higher circulating IGF-I levels than others. The 
patients with 194 bp genotype are the resistant patients with active disease and they 
required high dose medication responsible from resistance to drugs (Akin et al., 2010). The 
angiotensinojen MT and AT1R CC1166 genotype carriers may have more risk than other 
genotypes in the development of hypertension in acromegaly (Turgut , et al., 2011). 
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1. Introduction  
This chapter will describe the effects of long term exposure to growth hormone (GH) at the 
molecular level in the liver. Expression and activation of intermediates involved in GH-induced 
signaling were analyzed in transgenic mice overexpressing GH, as well as the influence of 
chronically elevated GH levels over Amend: epidermal growth factor receptor (EGFR) 
signaling. Several signaling mediators involved in cellular proliferation, survival and migration 
are altered in the liver of GH-transgenic mice. The molecular mechanisms underlying the pro-
oncogenic pathology induced by prolonged exposure to elevated GH levels will be discussed.  

1.1 Physiological actions of GH 
Growth hormone (GH), also known as somatotropin, is the main regulator of postnatal body 
growth, but its actions are not limited to corporal stature. GH has important metabolic 
functions on carbohydrate, lipid and protein metabolism, as well as on tissue maintenance 
and repair, cardiac and immune function, mental agility and ageing. It exerts its actions both 
directly, and by means of endocrine and paracrine insulin-like growth factor (IGF) 1. At the 
cellular level, GH modulates proliferation, differentiation, motility and apoptosis.  

GH secretion: 
Growth hormone, part of the somatotropic axis, is mainly synthesized in somatotroph cells 
from the anterior pituitary. Growth hormone secretion is regulated centrally, through the 
hypothalamic-portal circulation, by hypothalamic peptides: its synthesis and release are 
promoted by growth-hormone releasing hormone (GHRH) and inhibited by somatostatin, 
and it is also stimulated by stomach-derived ghrelin. Stress, exercise, malnutrition, and 
anorexia also promote its secretion. By means of negative feedback, GH inhibits its own 
secretion: in the short central loop, GH acts on somatotroph cells to generate IGF1 locally, 
that in turn inhibits the cell; and it acts at the hypothalamic level to inhibit GHRH synthesis 
and release and to stimulate both synthesis and release of somatostatin. In the long 
peripheral loop, GH acts on the liver to generate most of circulating IGF1, which inhibits GH 
secretion by a dual mechanism: direct inhibition of the somatotrophs and stimulation of 
somatostatin release. GH is also produced locally in many tissues, acting in an autocrine and 
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from the anterior pituitary. Growth hormone secretion is regulated centrally, through the 
hypothalamic-portal circulation, by hypothalamic peptides: its synthesis and release are 
promoted by growth-hormone releasing hormone (GHRH) and inhibited by somatostatin, 
and it is also stimulated by stomach-derived ghrelin. Stress, exercise, malnutrition, and 
anorexia also promote its secretion. By means of negative feedback, GH inhibits its own 
secretion: in the short central loop, GH acts on somatotroph cells to generate IGF1 locally, 
that in turn inhibits the cell; and it acts at the hypothalamic level to inhibit GHRH synthesis 
and release and to stimulate both synthesis and release of somatostatin. In the long 
peripheral loop, GH acts on the liver to generate most of circulating IGF1, which inhibits GH 
secretion by a dual mechanism: direct inhibition of the somatotrophs and stimulation of 
somatostatin release. GH is also produced locally in many tissues, acting in an autocrine and 
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paracrine fashion. Central cholinergic stimulation increases the release of GH reducing the 
secretion of somatostatin. Glucocorticoids and metabolic substrates also affect GH secretion; 
treatment with glucocorticoids inhibits its release while fasting states with hypoglycemia, 
low circulating free fatty acids, and high circulating amino acid concentrations stimulate it.  
GH secretion presents sexual dimorphism: the frequency of pulses is higher in females. The 
difference is most striking in rats, where secretion profile in males is characterized by high 
amplitude pulses every 3-4 h, with almost non-detectable values between pulses. Female 
rats, on the contrary, have more frequent lower amplitude pulses, and thus present baseline 
GH levels (Waxman & Frank, 2000). Humans, on the other hand, present higher values at 
night, during the first hours of sleep, and lower values in the early morning. GH secretory 
pattern conditions the sexually dimorphic gene expression in the liver, particularly of 
proteins involved in steroid and drug metabolism.  
GH secretion presents age-dependency: circulating GH levels progressively rise during 
childhood, to achieve a maximum towards the end of adolescence in humans, and slowly 
diminish thereafter. By the sixth decade of life, they are only 20% of maximum (Turyn & 
Sotelo, 2004).  
GH function: 
Somatic growth: GH acts directly on bone and indirectly, through endocrine hepatic 
derived IGF1, as well as the locally produced factor. These growth promoting peptides act 
on the epiphyseal cartilage, inducing chondrocyte proliferation, which leads to longitudinal 
skeletal growth (Tritos & Biller, 2009). Longitudinal growth ceases when the epiphyses of 
the long bones fuse to the diaphyses. Oversecretion before this instance results in gigantism, 
whereas oversecretion afterwards results in acromegaly, characterized by abnormal growth 
of hands and feet, and roughening of the facial features: protrusion of brow and lower jaw, 
and nose enlargement. Lack of GH or GHR in humans results in severe short stature, 
reduced muscle mass, increased fat storage, decreased cortical bone mineral density and 
decreased fertility in females (Lichanska & Waters., 2008a). In animals, basically the same 
growth outcome can be observed, either in spontaneous mutants or in genetically 
engineered models. Notably, mice lacking GH or GHR live longer than their littermates 
(Bartke & Brown-Borg, 2004). 
Besides its effects on skeletal growth, GH regulates body composition, increasing muscle 
mass and decreasing adipose content. The relationship between GH status and body 
composition is evidenced in patients and animal models lacking GH, which become obese. 
In humans, symptoms of GH deficiency resemble those of ageing, when GH levels decline: 
loss of muscular mass and tone, loss of bone mineral density, loss of strength, abdominal 
obesity (Perrini et al., 2010). 
Metabolic actions: GH has important metabolic actions on lipid and carbohydrate 
metabolism. It presents both insulin-like and insulin-antagonistic actions, presumably the 
first are IGF1-mediated while the latter are directly exerted by the hormone, since the effects 
of IGF1 on lipolysis and gluconeogenesis are contrary to those of GH (Kaplan & Cohen, 
2010). GH exerts lipolytic effects, principally at the visceral adipose tissue, resulting in an 
increase of circulating free fatty acids, by increasing adipose tissue hormone-sensitive lipase 
activity; at the same time, it inhibits glucose uptake in adipose tissue. On the other hand, in 
liver GH promotes triglyceride (TG) uptake and storage, and in skeletal muscle it induces 
TG uptake and utilization. GH also presents anabolic actions on protein metabolism, since it 
stimulates protein synthesis and inhibits its proteolysis (Vijayakumar et al., 2010). 
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The contrasting effects of GH and insulin on substrate metabolism depend on the nutritional 
status and food intake. Endogenous GH secretion is down-regulated by food intake, 
allowing insulin action on storage of nutrients. In a fasted state, GH secretion favors 
lipolysis. Between these two states, GH and insulin may act concomitantly to promote IGF1 
production and therefore, protein synthesis. Usage of fatty acids as the energy source during 
fasting instead of glucose protects against excessive protein break-down. Thus, GH is both 
anabolic and anti-catabolic in protein metabolism (Jorgensen et al., 2010). 

1.2 GH-signaling 
1.2.1 Growth hormone receptor 
Structure: GH exerts its functions by binding to its cognate receptor, the GHR. This receptor 
is a single-chain transmembrane glycoprotein which belongs to class I cytokine receptors. It 
is composed of three domains: the extracellular ligand-binding domain, arranged as two 
fibronectin type domains connected by a short flexible linker; the transmembrane domain; 
and the intracellular domain (ICD). The ICD has two motifs that bind tyrosine kinase JAK2, 
Box1 and Box2, and several tyrosine residues, which are substrates of JAK2 and become 
docking sites for phosphotyrosine binding molecules (Brooks et al., 2008). JAK2 is critical for 
GHR-signaling since GHR lacks intrinsic kinase activity. GHR is a member of the cytokine 
receptor superfamily, and is therefore structurally related to other members of this family, 
such as the receptors for prolactin, erythropoietin, thrombopoietin, leptin, interleukin 3, 5 
and 6, granulocyte/macrophage colony-stimulating factor and interferon (Rosenfeld & 
Hwa, 2009; Lanning & Carter-Su, 2006).  
GHR loss of function mutations: The GHR mediates GH growth-related functions, as 
mutations in the receptor lead to severe stature deficit, similar to the lack of the hormone. 
Laron syndrome is a genetic disorder characterized by growth retardation and very short 
stature at adulthood (>5 SD), patients also present impaired muscle and bone development, 
as well as obesity and steatosis (Brooks et al., 2008). It is associated with deletions or 
mutations principally at the extracellular ligand-binding domain of the receptor; as a GH 
insensitivity syndrome, it is concurrent with high GH but low IGF1 circulating levels.   
GHR levels: Liver exhibits the highest GHR concentration, but it is also highly expressed in 
muscle, bone, kidney, mammary gland, adipose tissue, heart, intestine, lung, prostate, 
pancreas, cartilage, fibroblasts, and embryonic stem cells; in fact, GHR is expressed in 
almost every tissue of the body, indicating the relevance of GH action in every organ. 
Several factors regulate GHR concentration, including nutritional status and developmental 
stage. GHR levels are down-regulated by under-nutrition and fasting, while their levels 
gradually increase from birth to adulthood (Tiong & Herington, 1999). GH is a principal 
modulator of GHR, indeed it induces the synthesis of its own receptor (González et al., 2001; 
González et al., 2007).  
GHR turnover: at least two different mechanisms participate in the down-regulation of the 
mature form of the GHR at the plasma membrane: ligand-independent endocytosis and 
proteolytic cleavage (Flores-Morales et al., 2006). The protein break-down consists of two 
steps: a metalloproteinase, the tumor necrosis factor-α converting enzyme (TACE), cleaves 
the extracellular portion of the receptor, close to the insertion point at the membrane. This 
generates the soluble form of the receptor, known as growth hormone binding protein 
(GHBP). After this process, the membrane-bound remnant is degraded by a γ-secretase 
complex, and targeted to proteasomal degradation (Flores-Morales et al., 2006; Zhang et al., 
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2000; Wang et al., 2002; Cowan et al., 2005). This mechanism is believed responsible for 
GHBP release into circulation, but it is not expected to participate in termination of GH 
signaling since it is inhibited by ligand binding (Flores-Morales et al., 2006; Zhang et al., 
2001). GHR endocytosis, which involves both clathrin-coated pits and caveolae, does not 
require ligand-binding although receptor occupation accelerates the process. Internalized 
receptors are mostly derived to lysosome and proteasome degradation, as they are not 
recycled to the membrane (Flores-Morales et al., 2006; Sachse et al., 2001; Lobie et al., 1999). 
GHR-internalization requires an intact ubiquitin conjugating system, although actual 
ubiquitination of the receptor does not seem to be required (Lanning & Carter-Su, 2006; van 
Kerkhof et al., 2007).   
GHBP: Growth hormone circulates in plasma bound to specific proteins known as growth 
hormone-binding proteins (GHBP). The most important of these proteins, high affinity 
GHBP, coincides with the extracellular domain of the GHR, and is generated by two 
different mechanisms. While in humans and rabbits it surges after proteolytic processing of 
the mature receptor, in rodents it is the result of alternative splicing of the GHR pre-mRNA 
(Baumann, 2001). Lower affinity and high molecular weight GH-binding proteins are not 
related to the GHR (Kratzsch et al., 1996).  
GHR nuclear localization: Apart from its expected localization at the cell surface and at the 
endoplasmic reticulum, GHR has also been found at the nucleus of several cells. This 
localization is not unique for the GHR, since other transmembrane receptors have also been 
described in the nuclear compartment. Nuclear GHR was found in cells exhibiting high 
proliferative status, associated with transformation and tumor progression (Brooks et al., 
2008; Campbell-Conway et al., 2007). Autocrine GH is key to the action of nuclear GHR on 
cell proliferation (Brooks et al., 2008). 

1.2.2 Signaling pathways induced by GH 
Hormone binding: Compelling evidence suggests GHR exists as a preformed dimer on the 
cell surface. Growth hormone binds to the extracellular domain of the GHR dimer via two 
asymmetrically-placed binding sites on the hormone: high affinity site 1, and lower affinity 
site 2. Specificity of the dimerization partner is conferred by the extracellular domain of the 
receptor, while union of the two moieties is attained at the transmembrane level through 
leucine zipper-like interactions (Lichanska & Waters, 2008a). The current model posits 
ligand binding to homodimerized inactive receptor induces relative rotation of the 
intracellular domains, leading to proper alignment of tyrosine kinase JAK2 (Brown et al., 
2005). The repositioning of the GHR induces JAK2, constitutively associated to the GHR, to 
become activated and thus phosphorylate not only other GHR-associated JAK2 molecules 
by trans-phosphorylation, but also modifies key tyrosine residues on the GHR, which 
become docking sites for SH2 (Src homology 2)-domain containing proteins (Rosenfeld & 
Hwa, 2009; Brooks et al., 2008). Autophosphorylation of JAK2 tyrosine-residues involves 
both activation of the catalytic site as well as modification of regulatory residues which may 
enhance or diminish kinase activity (Lanning & Carter-Su, 2007; Feng et al., 1997; 
Argetsinger et al., 2004; 2010).  
Activated signaling pathways: Different signaling mediators are already preforming 
complexes with inactive receptor or are recruited to phosphotyrosines on activated GHR 
complex and bind to the complex by means of their phosphotyrosine binding modules, the 
PTB and the SH2-domains. GH activates at least three major signaling pathways, the signal 
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transducers and activators of transcription (STATs), the mitogen activated protein kinase 
(MAPK) Erk1/2 and the phosphatidylinositol 3’-kinase (PI3K)/Akt pathways.  
GH binding to its receptor triggers activation of STAT1, STAT3 and STAT5. These SH2-
containing transcription factors are latent on the cytoplasm, become activated by tyrosine 
phosphorylation in one critical residue, and thus dissociate the receptor, dimerize and 
migrate to the nucleus as active dimers, where they bind specific DNA sequences to regulate 
the expression of multiple genes. STAT5 a and b are essential for many GH functions related 
to metabolism, body growth and sex-dependent liver gene regulation (Lanning & Carter-Su, 
2006), indeed, STAT5b is regarded as the most relevant signaling mediator for GH actions, 
both direct and IGF1-mediated, as it regulates the transcription of the IGF1 gene (Woelfle et 
al., 2003a, 2003b; Woelfle & Rotwein, 2004). While it is not clear if STAT1 and STAT3 require 
GHR phosphorylation or bind to phosphotyrosine residues on the receptor, STAT5 can bind 
to several phosphotyrosine residues at the carboxi-terminal part of the intracellular domain 
of the receptor (Rowland et al., 2005; Lichanska & Waters, 2008a).  
To date, there is no sufficient evidence relating the PI3K or the MAPK/Erk pathways with 
GH-induction of IGF1 transcription. Among the STATs, STAT5b has been regarded as the 
GH-mediator of IGF1 expression, but also of other important contributors to IGF1 function, 
as the acid labile subunit (ALS) and IGF1-binding protein 3 (IGF-BP3), both in rodents and 
in humans (Rosenfeld & Hwa, 2009; Woelfle & Rotwein, 2004). These two proteins complex 
IGF1 in circulation to modulate its bioavailability. Mutations in STAT5b have been 
associated with severe short stature in humans and reduced size in rodents, suggesting this 
mediator is crucial for GH-dependent skeletal growth (Udy et al., 1997; Kofoed et al., 2003; 
Rosenfeld et al., 2005).  
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GH activates the PI3K pathway, either by recruitment of insulin receptor substrates (IRS) 1, 
2 and 3, or alternatively, by a CrkII-IRS1 interaction (Goh et al., 2000), or even by direct 
interaction of the PI3K to phosphotyrosine residues on the GHR (Lanning & Carter-Su, 2006; 
Moutoussamy et al., 1998). In either case, PI3K is recruited by binding of its p85 regulatory 
subunit to phosphotyrosine residues on its activated partners. This is a branching pathway, 
giving rise to multiple signals, which derive in protein and carbohydrate metabolism. 
Protein kinase B (PKB), a serine/threonine kinase most usually referred to as Akt, is one of 
PI3K principal downstream effectors. Akt activates mTOR (mammalian target of 
rapamycin), a protein-kinase that participates in the regulation of ribosomal protein 
translation, which leads to protein synthesis, among other substrates. Akt also participates 
in glucose metabolism, as it promotes glucose uptake and regulates glycogen synthesis. The 
IRSs/PI3K signaling cascade is the principal pathway activated by insulin and may 
therefore contribute to insulin-like actions of GH (Dominici et al., 2005).   
The mitogen-activated protein kinase (MAPK) cascade participates in the control of cell 
proliferation, differentiation and migration. GH has been shown to activate the 
MAPK/Erk1/2 pathway by means of recruiting the adapter protein Shc (Src homology 
collagen) to the activated GHR-JAK2 complex, which becomes phosphorylated and thus 
binds Grb2, the guanine nucleotide exchange factor SOS, Ras, Raf, MEK (MAPK Erk kinase) 
and finally, the extracellular-regulated kinase (Erk) 1 and 2 (Lanning & Carter-Su, 2006). 
Recently, IRS-1 has been shown to act upstream of Shc/Grb activation of Erk1/2 (Wang et 
al., 2009). Alternatively, JAK2 was proposed to phosphorylate Grb2-binding site of the 
EGFR, allowing recruitment of Grb2 and activation of the pathway (Yamauchi et al. 1997; 
Lanning & Carter-Su, 2006). GH has also been shown to activate p38 and JNK/SAPK MAP 
kinases, other MAPK cascades (Zhu et al., 2001). 
It is generally believed that activation of Erk1/2 rely on JAK2 activation, but it has also been 
reported to be activated by Src –another receptor-associated tyrosine kinase-, in a JAK2-
independent fashion (Zhu et al., 2002; Rowlinson  et al., 2008). GH-induced Src activation of 
Erk1/2 has been proposed to occur through an alternative mechanism, involving Ras-like 
small GTPases RalA and RalB and activation of phospholipase D (Zhu et al., 2002). The 
participation of JAK2 and Src in GH-mediated signal is dependent on cell type (Brooks & 
Waters, 2010), although the relative contribution of these cascades to GH signaling in vivo is 
controversial (Jin et al., 2008). Additionally, Erk1/2 have been shown to be activated by GH 
by another SKF (Src kinase family) member, Lyn, which signals through phospholipase C 
gamma and Ras (Rowlinson et al., 2008). Targeted mutation of Box1 –the JAK2 binding 
motif in GHR- in mice allows GH-induced activation of Src and Erk1/2 (Barclay et al., 2010) 
where JAK2 activation is abrogated, suggesting a minor contribution of this pathway to GH 
action. Moreover, it has recently been proposed that the conformational change the ligand 
impinges on the receptor conditions which signalling pathway becomes activated 
(Rowlinson et al., 2008).  

1.2.3 Ending of the signal 
GH is secreted episodically, thus the signaling elicited by each secretory burst must be 
readily counteracted to allow resensitization to a further pulse. Therefore, a critical balance 
between hormone signaling and its down-regulation is required. Described mechanisms of 
signaling attenuation involve blockage or removal of the phosphotyrosine residues in the 
activated GHR-complex by binding of inhibitory molecules or dephosphorylation, and 
ubiquitin-dependent GHR endocytosis (Lanning & Carter-Su, 2006).  
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Phosphatases: Since tyrosine phosphorylation is the primary event triggered upon ligand 
binding to receptor, it could be expected that removal of phosphorylation restores 
inactivated mediators. Several protein tyrosine phosphatases (PTPs) participate in GH-
signaling termination, dephosphorylating not only GHR and JAK2 but also the STATs. 
Among these, the SH2 domain-containing protein tyrosine phosphatases SHP-1 and SHP-2 
were the first described. While SHP-1 is preferentially expressed in hematopoietic cells, 
SHP2 is ubiquitously expressed (Murphy et al., 2010). SHP-1 is considered as a negative 
regulator of GH signaling, whereas SHP-2 has been regarded as a dual modulator, serving 
both positive and negative effects on GH signaling. It may act as a dephosphorylating 
enzyme, but it may also act as an adaptor protein binding to phosphotyrosine motifs by 
means of its SH2 domains. Mutation of SHP-2-binding residues on the GHR prolongs GH-
induced phosphorylation of GHR, JAK2 and STAT5, thus suggesting negative regulation, 
while overexpression of catalytically inactive forms inhibited GH action (Lanning & Carter-
Su, 2006; Stofega et al., 2000; Kim et al., 1998).  
Other protein phosphatases have been shown to deactivate GHR-complex, namely, PTP-H1, 
PTP1, TC-PTP and PTP-1B (Pasquali et al., 2003); PTP-1B and PTP-H1 have also been shown 
to dephosphorylate STAT5 (Gu et al., 2003; Aoki & Matsuda, 2000). Catalytically inactive 
PTP-1B mutant mice present increased phosphorylation of JAK2 and STAT5-enhanced 
sensitivity to GH (Gu et al., 2003), while mice lacking the PTP-H1 catalytic domain show 
enhanced growth, with augmented hepatic mRNA IGF1 expression (Pilecka et al., 2007).  
Suppressors of cytokine signaling (SOCS): SOCS proteins are regulators of the main 
signaling pathway induced by cytokines, the JAK/STAT pathway, therefore, they act to 
down-regulate the same signal that induced their expression, acting through a classical 
negative feedback loop (Flores-Morales et al., 2006). GH promotes transcription of four 
SOCS proteins, SOCS-1, -2, -3 and CIS (cytokine inducible suppressor), these proteins can be 
divided into two groups according to mechanism of action and to kinetics of appearance. 
SOCS-1 and SOCS-3 impede JAK2 activity once they are recruited to the GHR-JAK2 
complex, whereas SOCS-2 and CIS bind to phosphotyrosine residues at the distal portion of 
the GHR, and thus interfere with STAT5 activation. SOCS-1 and -3 are rapidly but 
transiently induced after a GH stimulus, whereas CIS and SOCS-2 are induced after SOCS-1 
and SOCS-3 mRNA levels diminish (Tollet-Egnell et al., 1999). Apart from the inhibitory 
mechanism, all SOCS proteins present a SOCS-box domain, by which they can associate an 
E3-ubiquitin-ligase complex that adds ubiquitin molecules to the SOCS-associated proteins, 
as JAK2 and GHR, to target them to proteasome degradation (Lanning & Carter-Su, 2006; 
Flores-Morales et al., 2006). SOCS-2 may also inhibit GH action indirectly, by limiting IGF1 
signaling (Lanning & Carter-Su, 2006; Frutchman et al., 2005). Moreover, SOCS-2 was 
reported to target SOCS-3 for ubiquitination and protein degradation when it is associated 
to the signaling complex (Tannahill et al., 2005; Piessevaux et al., 2006), therefore 
contributing to cease the termination signal, and thus allow resensitization. 

1.3 Therapeutical uses of GH 
The use of growth hormone (GH) in clinical endocrine practice is expanding, and its role in 
the treatment of various clinical conditions is increasingly appreciated. GH has been used to 
treat children with GH deficiency (GHD) for more than 40 years. Human GH was originally 
obtained from cadaveric pituitaries and was available in limited quantities. From 1985, 
biosynthetic GH initially became available for prescription usage. Nowadays, human GH of 
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GH activates the PI3K pathway, either by recruitment of insulin receptor substrates (IRS) 1, 
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controversial (Jin et al., 2008). Additionally, Erk1/2 have been shown to be activated by GH 
by another SKF (Src kinase family) member, Lyn, which signals through phospholipase C 
gamma and Ras (Rowlinson et al., 2008). Targeted mutation of Box1 –the JAK2 binding 
motif in GHR- in mice allows GH-induced activation of Src and Erk1/2 (Barclay et al., 2010) 
where JAK2 activation is abrogated, suggesting a minor contribution of this pathway to GH 
action. Moreover, it has recently been proposed that the conformational change the ligand 
impinges on the receptor conditions which signalling pathway becomes activated 
(Rowlinson et al., 2008).  
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signaling attenuation involve blockage or removal of the phosphotyrosine residues in the 
activated GHR-complex by binding of inhibitory molecules or dephosphorylation, and 
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recombinant DNA origin with an amino acid sequence identical to GH of pituitary origin is 
produced commercially by several pharmaceutical companies. These GH preparations 
contain minimal impurities, are apparently safe, and are readily available in unlimited 
supply. As a result, use of the hormone both in children and adults has expanded. 
GH is used in children for the following pediatric conditions: growth hormone deficiency 
(GHD), Turner syndrome, chronic renal insufficiency, children born small for gestational 
age or intrauterine growth retardation, Prader-Willi syndrome and when the height deficit 
continues at puberty. GH is indicated in adult patients with growth hormone deficiency 
caused by pituitary disease from known causes, including pituitary tumor, pituitary surgical 
damage, hypothalamic disease, irradiation, trauma, and reconfirmed childhood GHD 
(Medical Guidelines for Clinical Practice for GH use in adults and children, American 
Association of Clinical Endocrinoloigists-2003 Update). GH usage has also been approved 
for the treatment of AIDS-related wasting.  
In addition to the generally accepted therapeutic uses of human growth hormone, 
considerable interest exists in using GH treatment in various other conditions. The 
usefulness of GH treatment in adults who have completed their statural growth derives 
from the role of GH in the following processes: increasing bone density, increasing lean 
tissue, decreasing adipose tissue, strengthening cardiac contractility, recovering mood and 
motivation, increasing exercise capacity. Considering the anabolic actions of human growth 
hormone, it has become attractive as a potential agent for catabolic problems in a wide range 
of clinical conditions, including patients in an intensive care environment, burns, cystic 
fibrosis, inflammatory bowel disease, fertility alterations, osteoporosis, Down’s syndrome, 
and also for people wishing to reverse the effects of ageing and to improve the athletic 
condition (Hadzović et al., 2004). These last two potential uses have received most attention 
as abuse of growth hormone. The definitions of the word abuse include “improper or 
excessive use.” The classic form of “abuse” of human growth involves its use by athletes or 
bodybuilders to gain an unfair advantage over their competitors. The use of human growth 
hormone to increase the height of children who are already of normal height would also be 
considered abuse (Hintz, 2004). Another common form of use of human growth hormone 
outside the established indication is in its supposed action of diminishing or slowing the 
effects of ageing (Rudman et al., 1990). In addition to the lack of evidence for effectiveness of 
human growth hormone in these proposed uses, it causes side effects such as diabetes, 
carpal tunnel syndrome, fluid retention, joint and muscle pain and high blood pressure. 
Considering the increased incidence of leukemia and certain types of tumors reported in 
acromegalic patients, cancer onset is also a risk of GH use and abuse. 

1.4 GH association with cancer development 
Normal growth of a living organism depends on the rate of cell division and cell death. There is 
a strictly controlled balance between these processes. Organ and body size are determined by 
three fundamental processes: cell growth, cell division, and cell death, each regulated both by 
intracellular programs and by extracellular signaling molecules that control these programs. 
The cell decides its fate depending on the balance between survival and cell death which 
ensures that healthy functioning cells survive in appropriate environments while damaged or 
non-functioning cells are eliminated by programmed cell death (apoptosis). If this equilibrium 
is disturbed, one of two disorders might occur: the cells divide faster than they die which 
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ultimately derives in tumor development or the cells divide slower than they die, which results 
in cell loss. One of the most important extracellular signaling molecules engaged in maintaining 
cell survival are the growth factors. When these proteins are overexpressed and when their 
receptors or signaling mediators are hyperactivated or overexpressed, cancer might arise.  
The relevance of growth factors to the pathogenesis of human cancer has long been 
established. Several recent studies have suggested that, in addition to its effects on growth and 
metabolism, GH is involved in tumorigenesis and tumor progression. GH overexpression has 
been associated with cancer in animal models as well as in humans; indeed, acromegalic 
patients show an increased incidence of this pathology (Webb et al., 2002; Jenkins, 2004; Siegel 
& Tomer, 2005). Studies focusing on cancer incidence or cancer prevalence in acromegaly 
report 1.5 to 4-fold increased relative risk for acromegalic patients to develop tumors, mainly 
of the colon, breast, prostate, thyroid and hematological system (Siobhan & Shereen, 2008). 
However, as the main causes of death are cardiovascular and respiratory events, patients with 
uncontrolled acromegaly might succumb before developing recognizable cancer. On the 
contrary, a decreased incidence of cancer in the absence of growth hormone has been 
observed. In a worldwide survey of individuals with growth hormone deficiency or growth 
hormone receptor mutation, not even a single case of malignancy was reported, whereas first 
and second degree relatives reported a 10-24% incidence of malignancies (Brooks & Waters, 
2010). Moreover, another study revealed that GHR deficiency in humans is associated with an 
important reduction of pro-ageing signaling, diabetes and cancer development (Guevara-
Aguirre J, et al., 2011). Cancer risks of GH replacement therapy implies three possible 
situations: (1) tumor recurrence in children with previously treated cancer; (2) second 
neoplasms (SNs) in survivors of childhood cancer treated with GH; and (3) de-novo cancer in 
non-cancer patients treated with GH. The general evidence suggests no increased risk in case 
1, but several and complex studies concluded that there is a very modest increase in cancer 
risk in treated GH-deficiency patients in situations 2 and 3 (Renehan & Brennan, 2008).  
Concerning animal models, a large body of evidence has implicated GH with tumor 
progression. Absence or low GH levels are associated with reduced tendency to develop 
malignancies spontaneously (Anisimov, 2001; Ikeno et al., 2003) or in response to carcinogen 
administration (Styles et al., 1990; Pollak et al., 2001). For example, when nitrosomethylurea 
was administrated to GH-deficient dwarf rats, none of them developed tumors; however, 
when the tumorogenic drug was administrated to normal and GH-supplemented dwarf rats 
incidence and latency to tumor development was similar in both groups. Hormone 
replacement in these animals increased the tumor incidence towards normal levels, whereas 
discontinuation of GH treatment resulted in tumor regression (Shen et al., 2007). On the 
contrary, transgenic mice overexpressing GH are more susceptible to develop cancer and 
they have an increased incidence of hepatocellular carcinoma at advanced ages (Orian et al., 
1990; Wanke et al., 1991; Snibson, 2002; Bartke, 2003).  

2. Transgenic mice overexpressing growth hormone as a model to study the 
pre-neoplasic alterations induced by high GH levels 
2.1 General characteristics of transgenic mice overexpressing GH 
Transgenic technology allowed the genomic incorporation of heterologous GH genes (rat, 
human, ovine, bovine or human placental variant) under the control of different promoters, 
allowing the development of multiple lines of GH-transgenic mice. Mice that exhibit high 
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levels of endogenous GH (pituitary mouse GH) were developed by transfection with the 
GH-releasing hormone (GHRH) gene (Bartke, 2003; Kopchick et al., 1999). Transgenic mice 
overexpressing GH have been extensively used to study the mechanisms of action of GH 
and as a model of acromegaly to investigate the effects of prolonged GH excess (Bollano et 
al., 2000; Colligan et al., 2002; Miquet et al., 2004; Dominici et al., 2005). Most of the GH-
transgenic mice lines available were produced by standard microinjection techniques. 
Briefly, the DNA constructs (promoter fused to the coding sequences of GH gene) were 
injected in the male pronucleus of single cell embryos. Viable embryos were implanted into 
pseudopregnant females and the pregnancies were allowed to term. Offsprings positive for 
both integration and expression of the GH gene were used as founder animals for the 
development of individual transgenic lines. Mating of hemizygous transgenic males to 
normal females produced both normal and transgenic progeny, in approximately 1:1 ratio 
(McGrane et al., 1988, 1990; Bartke, 2003; Kopchick et al., 1999).  
As the transgene is not controlled by its own promoter, GH is often expressed 
constitutively and in some cases ectopically, resulting in chronic exposure to high GH 
levels. The tissue and developmental stage expression of the GH transgene depends on 
the promoter used. For instance, genes under the control of the metallotionein I (MT) 
promoter are expressed in several tissues since fetal development, while the 
phosphoenolpyruvate carboxykinase (PEPCK) promoter leads to the expression of GH 
primarily in liver, kidney and adipose tissue just after birth. The expression of the 
transgene continues throughout the life of the animal and is not controlled by 
physiological mechanisms that modulate pituitary GH secretion (Mc Grane et al., 1988; 
McGrane et al., 1990; Kopchick et al., 1999; Bartke, 2003). The circulating GH levels vary 
depending on the transgenic line, but are usually extremely high and produce a 
consequent increase in IGF1 serum concentration (Kopchick et al., 1999). 
Chronic overexpression of GH in transgenic mice leads to enhanced postnatal growth, 
achieving typically a 30-70% increase in adult body size compared to normal littermates, 
and in some lines transgenic mice almost double the size of their normal controls. 
Prolonged exposure to GH in these mice also leads to altered body composition, including 
reduced adiposity with increased lean body mass and organomegaly. Conditions of 
chronic elevation of GH, as seen in acromegaly, are often associated with 
hyperinsulinemia, insulin resistance and impaired glucose tolerance, which in some cases 
progress to diabetes; in fact, GH-transgenic mice have increased insulin levels with 
normoglycemia and insulin resistance. Prolonged exposure to high GH levels leads to 
several histo and physiopathological lesions in different organs in GH-transgenic mice, 
principally in the kidney, heart and liver (Quaife et al., 1989; Kopchick et al., 1999; Bartke 
et al., 2002; Bartke, 2003; Dominici et al., 2005).  
The transgenic PEPCK-bGH line has been used to study the effects of prolonged exposure to 
high GH levels (McGrane et al., 1990; Valera et al., 1993; González et al., 2002; Dominici et 
al., 2005; Miquet et al., 2004). Transgenic mice present high GH and IGF1 serum levels, 
which result in an increment in both body and liver weight. While some organs are 
increased roughly in the proportion of the increase in body weight, the relative increase in 
liver weight is higher than the one observed for body weight, reflecting that transgenic mice 
exhibit hepatomegaly. Although transgenic mice displayed hyperinsulinemia, glucose levels 
were not altered, possibly reflecting a state of insulin resistance.  
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2.2 Hepatic alterations in GH-transgenic mice 
As previously mentioned, chronic exposure to high GH levels in transgenic mice produces 
hepatomegaly. Studies performed in different lines of transgenic mice overexpressing GH 
revealed that the disproportional increase in liver size is due to hypertrophy and 
hyperplasia, with hepatocytes presenting morphological alterations such as large cellular 
and nuclear size, intranuclear inclusions and invaginations of nuclear membranes. 
Throughout lifespan, transgenic mice present high levels of hepatocellular replication, 
followed by the onset of hepatic inflammation, fibrosis and cirrhosis, which may derive in 
hepatocarcinoma at advanced ages. The preneoplasic liver pathology observed in the GH-
overexpressing transgenic mice resembles that seen in human patients at high risk of 
developing liver cancer, which turns this animal model suitable for studies of hepatic 
cancer. The liver of GH-transgenic mice develops various degrees of necroinflammatory, 
cirrhotic, fibrotic and regenerative changes, all of which are factors known to predispose 
human individuals to hepatocarcinogenesis (Orian et al., 1989; 1990; Snibson et al., 1999; 
Snibson 2002; Bartke 2003). Moreover, high GH levels are observed in patients with liver 
conditions associated with increased risk of liver cancer (Hattori et al., 1992; Kratzsch et al., 
1995). The liver lesions observed in GH overexpressing mice would not be attributed to the 
liver being one of the major sites of GH production in transgenic mice expressing 
heterologous GH genes because comparable abnormalities were observed in GH-releasing 
hormone trangenic mice, in which GH is homologous and secreted by the pituitary (Bartke, 
2003). The increased susceptibility of transgenic mice overexpressing GH to develop liver 
cancer is believed to be a consequence of the direct action of GH in this organ rather than 
secondary to the elevated IGF1 levels. This is supported by the fact that IGF1 binding to 
hepatocytes is barely detectable (Barreca et al., 1992; Santos et al., 1994) and, moreover, IGF1 
has been described to induce discrete metabolic effects and only a slight increase of DNA 
synthesis in liver (Hartmann et al., 1990; Kimura & Ogihara, 1998; Grunnet et al., 1999). 
Moreover, transgenic mice overexpressing IGF1 do not show the hepatic histopathological 
alterations observed in the liver of GH-overexpressing transgenic mice (Bartke, 2003). 

3. Growth hormone signaling-pathways induced in liver of GH 
overexpressing transgenic mice 
The JAK2/STAT5 signaling cascade is the principal signaling pathway activated by growth 
hormone. High continuous GH levels in vivo produce desensitization of this pathway in the liver. 
In both Mt-GHRH and PEPCK-bGH transgenic mice this desensitization was evidenced as a lack 
of activation after a massive stimulus with GH and no increase in the basal phosphorylation of 
STAT5, in spite of the very high GH concentration in their circulation (González et al., 2002; 
Miquet et al., 2004). This lack of response to GH was associated with elevated levels of the 
negative regulator CIS, a member of the family of suppressors of cytokine-signaling (SOCS) 
proteins, which is proposed to be a major factor responsible for the down-regulation of STAT5 
signaling in the liver (Ram & Waxman, 2000; Landsman & Waxman, 2005).  
The liver is one of the principal target organs of growth hormone, and GH overexpressing 
mice exhibit phenotypic characteristics that indicate GH is indeed acting in this tissue. For 
instance, absolute and relative liver weight is higher in GH-transgenic than in control mice, 
accompanied by pathological alterations in the liver (Orian et al., 1989; Quaife et al., 1989; 
Snibson, 2002; Bartke, 2003). Circulating levels of IGF1 and hepatic levels of IGF1 mRNA, 
which are primarily regulated by GH action in the liver, are increased in GH transgenic 
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levels of endogenous GH (pituitary mouse GH) were developed by transfection with the 
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increased roughly in the proportion of the increase in body weight, the relative increase in 
liver weight is higher than the one observed for body weight, reflecting that transgenic mice 
exhibit hepatomegaly. Although transgenic mice displayed hyperinsulinemia, glucose levels 
were not altered, possibly reflecting a state of insulin resistance.  
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2.2 Hepatic alterations in GH-transgenic mice 
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mice. Moreover, liver GHR expression is also increased, in accordance with the known 
ability of GH to upregulate its own receptor (Mathews et al. 1988; McGrane et al. 1990; 
González et al. 2001; Iida et al. 2004; González et al. 2007). As the JAK2/STAT5 signaling 
cascade is desensitized in the liver of GH-overexpressing mice, this pathway is probably not 
responsible for the proliferative effects of chronically elevated GH. Therefore, other 
signaling mediators induced by GH must be involved for the liver pathology observed in 
these animals. Studies performed in Mt-GHRH and PEPCK-bGH transgenic mice showed 
that these animals exhibit constitutive phosphorylation of STAT3 and upregulation of c-Src, 
FAK, EGFR, Akt, mTOR and Erk1/2 (Miquet et al., 2008). These molecules are all signaling 
mediators activated by GH that are involved in cell proliferation, differentiation, migration 
and survival, and their upregulation may represent alternative pathways to JAK2/STAT5 
that are constitutively activated in the liver of transgenic mice overexpressing GH.  
In several human cancers elevated protein levels and/or kinase activity of c-Src have been 
reported, and it was proposed that it could act by facilitating other signaling mediators 
action, including FAK and EGFR. A high proportion of breast cancers overexpress c-Src and 
members of the EGFR family, suggesting that they may interact to synergically promote 
cancer development and progression (Ishizawar & Parsons, 2004; Biscardi et al., 2000; 
Playford & Schaller, 2004). Importantly, EGFR upregulation was also found in 
hepatocellular carcinoma (Thomas & Zhu, 2005), and FAK overexpression was detected in 
several human tumor samples (Owens et al., 2005; Parsons, 2003; Ishizawar & Parsons, 2004; 
Playford & Schaller, 2004; Schlaepfer & Mitra, 2004). GH-transgenic mice show 
overexpression of c-Src, EGFR and FAK in liver, in accordance with the upregulation of 
these proteins that may be observed in human cancer (Miquet et al., 2008). Aberrant 
activation of STAT proteins is also related to cell transformation and oncogenesis. As 
mentioned before, GH-transgenic mice display increased basal activation of STAT3 in liver 
(Miquet et al., 2008). Constitutive activation of this protein has been found in many tumors 
with elevated activity of both c-Src and EGFR (Calò et al., 2003; Silva, 2004). Thus, higher 
STAT3 phosphorylation observed in transgenic mice, which also present elevated c-Src and 
EGFR levels, could be related to the increased kinase activity of c-Src they exhibit. 
Akt is a crucial regulator of cellular proliferation, differentiation and metabolism, and has 
been implicated in the inhibition of apoptosis by several cytokines and growth factors. Akt 
is frequently activated or overexpressed in human cancers, probably cooperating with other 
oncogenic pathways to promote tumor progression by enhancing cell survival (Nicholson & 
Anderson, 2002). Signaling by the PI-3K/Akt/mTOR regulates mRNA translation, a crucial 
step for stimulation of protein synthesis (Proud, 2007). Altered mTOR signaling has been 
found in cancer, diabetes and obesity (Dann et al., 2007). Therefore, the upregulation of Akt 
and mTOR suggests that these kinases could contribute to the hepatic alterations transgenic 
mice exhibit. The MAP kinase proteins Erk1/2 are also involved in the control of the 
translational machinery and, thus, in the promotion of cell growth and proliferation (Proud, 
2007). Erk1/2 were reported to be constitutively activated in many tumors and cancer 
derived cells (Chambard et al., 2007), so the increased levels of this kinase in transgenic mice 
liver could also contribute to the hepatic alterations observed. 
Considering the well established association of the aforementioned signaling mediators with 
cancer, and taking into account their upregulation in the liver of GH-transgenic mice, it is 
reasonable to suggest that the described molecular alterations found in the liver of GH 
overexpressing transgenic mice may be implicated in the pathological alterations observed 
in these animals.  
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4. GH modulation of EGF signal 
Among the growth factors and growth factor receptors that have been shown to be involved 
in the pathogenesis and progression of different carcinoma types is the epidermal growth 
factor (EGF) family of peptide growth factors and the EGF receptor (EGFR) (Ito et al., 2001; 
Normanno et al., 2001; 2006). EGF is a key regulatory factor in promoting cell proliferation 
and survival. Ligand binding to the receptor triggers several signaling pathways that 
activate different transcriptional programs in the nucleus which lead to the expression of 
proteins involved in cell cycle progression, apoptosis resistance, differentiation, adhesion, 
and cell migration. 

4.1 The EGF family of receptors and EGF-induced signal transduction pathways 
EGFR, also known as ErbB-1, belongs to a family of receptors, which comprises three 
additional proteins: ErbB-2, ErbB-3, and ErbB-4. These ErbB receptors are type I receptor 
tyrosine kinases that are activated by binding of growth factors of the EGF family. The ErbB 
receptors recognize different but structurally related growth factors and mediate processes 
in development, homeostasis and pathologies.  
ErbB receptors consist of a heavily glycosylated and disulfide-bonded ectodomain that 
provides a ligand-binding site, a single transmembrane domain and a large cytoplasmatic 
region that encodes a tyrosine kinase and multiple phosphorylation sites. Upon ligand 
binding, the ErbB receptors form either homo or heterodimers (Jorissen et al., 2003). 
Except for certain constitutively active mutants, dimerization is induced by ligand 
binding and is essential for activation of their kinase domain. Dimerization and activation 
of the kinase domain results in trans-phosphorylation of the monomers. Subsequently, the 
activated receptor phosphorylates additional tyrosine residues on the C-terminal tail of 
the EGFR (Boeri Erba et al., 2005; Wu et al., 2006). Intracellular tyrosine kinases of the Src 
family such as c-Src and Abl are also capable of phosphorylating residues on the EGFR. 
Phosphorylated sites on the EGFR allow the association of proteins containing the Src 
homology 2 domain (SH2), like Grb2, Shc and Nck. These signaling mediators associate 
with additional proteins leading to their activation and the subsequent activation of other 
kinases or transcription factors. Post-receptor signaling by EGFR involves the activation of 
signaling pathways such as the MAPK Erk1/2 and p38, the PKC, the PI3K/Akt, and the 
STAT pathways (Jorissen et al., 2003; Henson & Gibson, 2006; Normanno et al., 2006). 
These signaling routes activate different transcriptional programs in the nucleus, leading 
to the expression of several genes involved in cell cycle progression, survival, 
differentiation, adhesion and migration.  
As a consequence of ligand induced activation of the EGFR, it is endocytized and enters the 
endosomal pathway. In the absence of EGF stimulation, the receptor is recycled to the cell 
surface. On the contrary, after ligand binding, EGFR progresses from early to late 
endosomes and is subsequently degraded. EGFR was believed to trigger signal transduction 
pathways only when located at the cell membrane, however, recent studies suggest that 
signal is also propagated by internalized EGFR present in early or late endosomes (Burke et 
al., 2001). Moreover, it has been recently described that EGFR also acts at the nuclear level in 
response to stress and participates in cell proliferation and cell cycle and DNA repair 
processes (Dittmann et al., 2010).  
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Fig. 2. Signal transduction pathways triggered by EGF. 

4.2 EGFR and cancer  
EGF receptor family members were first related to cancer in the early 1980s (Stoscheck et al., 
1986). Since then, activation of EGFR has been implicated in the progression of different 
types of carcinomas (Ito et al., 2001; Normanno et al., 2001; 2006). The complexity of EGFR 
signal transduction and its importance for cell growth and survival explains the potential 
role of EGFR alterations in the development and maintenance of cancer. EGFR undergoes 
different alterations including gene amplification, structural rearrangements and somatic 
mutations in human carcinomas. In addition, some types of tumors produce an excess of 
EGF that leads to an increased activation of EGFR (Henson & Gibson, 2006). Besides the 
alterations in EGF receptor expression and ligand production, intracellular signaling 
cascades are often altered in cancer cells. All these alterations in EGF-mediated survival 
signaling can promote tumor processes like angiogenesis and metastasis and contribute to 
cancer progression and resistance to cancer therapies (Salomon et al., 1995). EGFR is 
overexpressed or hyperactivated in a variety of solid tumors, including colorectal cancer, 
non-small-cell lung cancer, squamous cell carcinoma of the head and neck, and also in 
ovarian, breast, liver, kidney, pancreatic and prostate cancer (Baselga, 2002; Lurje & Lenz, 
2009). Moreover, aberrant EGFR expression or activity has been associated with disease 
progression, resistance to radiochemotherapy and poor survival. 
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Considering the relevance of EGFR and ErbB receptors for the development and progression 
of cancer, several anti-ErbB targeted therapies have been developed and are still under 
study. Specifically, ErbB1 or EGFR-targeted therapies can be classified into two major 
classes: the anti-EGFR monoclonal antibodies (MoAbs) and the EGFR–specific tyrosine 
kinase inhibitors (TKI). The anti-EGFR monoclonal antibodies, such as cetuximab, bind to 
the extracellular domain of the EGFR on the surface of tumor cells, thus preventing EGFR 
ligands from interacting and activating the receptor and ligand-induced internalization of 
the receptor. TKIs such as gefitinib and erlotinib block the binding of adenosine 
triphosphate (ATP) to the intracellular TK domain of the EGFR, which results in the 
inhibition of the tyrosine kinase activity of the receptor. Besides the drugs that target the 
EGFR itself, there is a second group of small molecular inhibitors that interfere with the 
activation of signaling mediators downstream the EGFR. Such molecules mainly target 
crucial proteins involved in the Ras/MEK/Erk and PI3K/Akt/mTOR pathways. 
Additionally, inhibitors of the transcriptional regulation of pro- and anti-apoptotic proteins 
are used. These molecules include proteosome inhibitors like BAY 11-7085, BAY 11-7082, 
soy isoflavone genistein, flavopiridol, which affect the NFB signaling. Many of these 
substances are in various stages of clinical development and were proposed to be used in 
combination with standard chemotherapy (Lurje & Lenz, 2009). Antisense molecules that 
target the mRNA of the anti-apoptotic protein Bcl-2 like G3139 and Augmerosen interfere 
with pro-apoptotic pathways induced by EGF and could also be used as therapeutical 
agents. Moreover, peptides that mimic the BH3 only domain Bcl2 family members like ABT-
737 interfere with anti-apoptotic pathways induced by EGF because they impede Bcl-2 
association with pro-apoptotic Bcl-2 family members (Henson & Gibson, 2006). 

4.3 EGFR and hepatocarcinoma (HCC)  
Hepatocarcinoma (HCC) is a clear example of inflammation-related cancer because it 
mainly occurs in the context of persistent inflammation of the liver (Berasain et al., 2009). 
Indeed, the majority of HCCs slowly develop in a background of chronic hepatitis and 
cirrhosis, which are considered as preneoplastic conditions of the liver. A pro-
inflammatory and proliferative microenvironment is a common feature of the 
preneoplastic liver regardless of the etiology. Upon tissue injury the liver triggers a 
defensive response to protect the organ and recover the lost parenchymal mass (Taub, 
2004). This is a complex response that involves several cytokines and growth factors, 
among them the ErbB1 axis. Normal hepatocytes express high levels of EGFR, and EGFR 
ligands have a potent mitogenic effect on isolated or cultured hepatocytes. In the cases of 
acute and chronic liver injury and inflammation, the EGFR system plays an important role 
in liver regeneration and hepatocyte protection (Berasain et al., 2007). These pathological 
conditions are frequently associated with overexpression and overstimulation of the 
EGFR pathway (Berasain, 2009). Amplifications and mutations of the EGFR gene have 
been described in patients with HCC (Normanno et al., 2006) and sustained activation of 
EGFR was reported to induce the progression of HCC (Nalesnik et al., 1998; Ito et al., 
2001). Moreover, pro-angiogenic roles of the EGFR have been described (Ueda et al., 
2006). Currently, there are several studies in process concerning the use of anti-EGFR 
targeted therapies alone, or associated with other pharmacological agents, for the 
treatment of HCC (Berasain  et al., 2007; Hu  et al., 2011).  
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the extracellular domain of the EGFR on the surface of tumor cells, thus preventing EGFR 
ligands from interacting and activating the receptor and ligand-induced internalization of 
the receptor. TKIs such as gefitinib and erlotinib block the binding of adenosine 
triphosphate (ATP) to the intracellular TK domain of the EGFR, which results in the 
inhibition of the tyrosine kinase activity of the receptor. Besides the drugs that target the 
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activation of signaling mediators downstream the EGFR. Such molecules mainly target 
crucial proteins involved in the Ras/MEK/Erk and PI3K/Akt/mTOR pathways. 
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agents. Moreover, peptides that mimic the BH3 only domain Bcl2 family members like ABT-
737 interfere with anti-apoptotic pathways induced by EGF because they impede Bcl-2 
association with pro-apoptotic Bcl-2 family members (Henson & Gibson, 2006). 
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cirrhosis, which are considered as preneoplastic conditions of the liver. A pro-
inflammatory and proliferative microenvironment is a common feature of the 
preneoplastic liver regardless of the etiology. Upon tissue injury the liver triggers a 
defensive response to protect the organ and recover the lost parenchymal mass (Taub, 
2004). This is a complex response that involves several cytokines and growth factors, 
among them the ErbB1 axis. Normal hepatocytes express high levels of EGFR, and EGFR 
ligands have a potent mitogenic effect on isolated or cultured hepatocytes. In the cases of 
acute and chronic liver injury and inflammation, the EGFR system plays an important role 
in liver regeneration and hepatocyte protection (Berasain et al., 2007). These pathological 
conditions are frequently associated with overexpression and overstimulation of the 
EGFR pathway (Berasain, 2009). Amplifications and mutations of the EGFR gene have 
been described in patients with HCC (Normanno et al., 2006) and sustained activation of 
EGFR was reported to induce the progression of HCC (Nalesnik et al., 1998; Ito et al., 
2001). Moreover, pro-angiogenic roles of the EGFR have been described (Ueda et al., 
2006). Currently, there are several studies in process concerning the use of anti-EGFR 
targeted therapies alone, or associated with other pharmacological agents, for the 
treatment of HCC (Berasain  et al., 2007; Hu  et al., 2011).  
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4.4 GH modulation of EGF signaling 
EGF and GH signaling pathways share several signaling mediators. Both growth factors 
induce the JAK/STAT, MEK/Erk and PI3K/Akt pathways; however the degree in which 
each pathway is activated upon GH or EGF stimulus depends on the cell type and hormonal 
environment. In addition, GH regulates the expression of EGFR in the liver (Jansson et al., 
1988, Johansson et al., 1989). Hypophysectomized and partially GH-deficient mutant mice 
showed reduced expression of the EGFR in liver (Johansson et al., 1989). When GH was 
administered to these animals, expression of the receptor was induced approaching EGFR 
levels found in normal controls (Johansson et al., 1989). Moreover, EGFR levels are increased 
in transgenic animals overexpressing GH, while its protein content is drastically diminished 
in mice lacking the GH receptor (GHR-KO mice) (Miquet et al., 2008; González et al., 2010).  
GH has also been demonstrated to induce phosphorylation of the EGFR. EGFR 
phosphorylation at tyrosine residues 845, 992, 1068 and 1173 upon GH stimulation was 
described both in mice liver and in cell culture (Yamauchi et al., 1997; Kim et al. 1999, 
Huang et al., 2003). GH induced phosphorylation of the EGFR at tyrosine residue 1068 is 
mediated by JAK2 and allows Grb2 association and subsequent activation of Erk1/2 
(Yamauchi et al., 1997). Another level of interaction between GH and EGF signaling involves 
GH-induced EGFR phosphorylation at threonine residues, which depends on Erk1/2 
activity (Huang et al., 2004). Erk-dependent threonine phosphorylation of the EGFR reduces 
EGFR degradation, thus modulating EGFR trafficking and signaling (Frank, 2008).  
Considering GH and EGF crosstalk and the relevance of EGFR in cancer, especially 
hepatocarcinoma, hepatic EGFR signaling was analyzed in two different in vivo models: 
GHR-KO mice, in which GH action is abolished, and the GH-transgenic mice. GHR-KO 
mice displayed diminished receptor activation due to EGFR down-regulation. Moreover, 
EGF-induced STAT5 and Erk1/2 phosphorylation was reduced in GHR-KO mice, while 
EGF did not activate STAT3 and Akt in these animals. On the other hand, overexpression of 
GH in transgenic mice induces EGFR up-regulation but this does not result in enhanced 
EGF signaling. Akt and Erk1/2 pathways showed diminished activation, while STAT3 and 
STAT5 activation was abrogated, indicating that GH differentially modulates EGF signaling 
pathways (González et al., 2010). The heterodesensitization produced by GH over EGF-
induction of the STATs was related with diminished association between the EGFR and 
STAT3 or STAT5 in the liver from the GH-overexpressing transgenic mice. This suggested 
that recruitment of the STATs to activated EGFR might be inhibited. The increased 
association of STAT5 with SHP-2 phosphatase in transgenic mice could account for the 
observed desensitization of STAT5 signaling in this animal model, since this phosphatase is 
regarded as a negative regulator of STAT5 signaling (González et al., 2010). 

5. Conclusion 
Overexpression of GH has been associated with tumor promotion both in human and 
animal models. Chronic exposure to high GH levels induces hypertrophy and hyperplasia 
of hepatocytes, hepatic inflammation, fibrosis and even cirrhosis. These alterations comprise 
the preneoplastic liver pathology observed in the GH-overexpressing transgenic mice that 
might result in hepatocarcinoma at advance ages. Cancer cells show alterations in 
cytoskeletal organization, adhesion, motility, growth control and survival. Many of the 
signaling pathways implicated in these events are upregulated in the liver of mice that 
present high circulating levels of GH (Miquet et al., 2008) suggesting their role in the liver 
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pathology observed in these animals. Overexpression and/or hyperactivation of these 
signaling mediators provide a molecular basis for the oncogenic potential of GH. 
GH also modulates the expression and signaling of a growth factor receptor relevant for 
cancer development, the EGFR. The relevance of EGF-induced signaling cascades for tumor 
development should be further investigated to determine if the silencing of only certain 
signaling cascades, therefore altering the normal balance between mitogenic and apoptotic 
signals, might facilitate the onset of tumor.  
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1. Introduction 
Thyroid hormone (T3 and T4) is secreted from the thyroid gland, and is known to reduce 
the level of serum thyrotropin (thyroid-stimulating hormone, TSH) in the pituitary gland 
(Sarapura et al., 2002; Shupnik et al., 1989) (Fig. 1A). This is a typical example of negative 
feedback between the pituitary and endocrine organs, and is a key component of thyroid 
hormone homeostasis. TSH is one of the peptide hormones generated in the anterior 
pituitary, and is a heterodimer composed of an α chain (α-glycoprotein subunit, αGSU) 
and a β chain (TSHβ) (Shupnik et al., 1989). While αGSU is common to follicle stimulating 
hormone (FSH), luteinizing hormone (LH) and chorionic gonadotropin (CG), TSHβ is 
specific to TSH alone. Although the concentration of serum T4 is much higher than that of 
T3, T4 is converted to T3 by deiodinase (Dio) in the TSH-producing cells (thyrotrophs) of 
the pituitary (Christoffolete et al., 2006), and T3 exhibits biological activity as a thyroid 
hormone (Gereben et al., 2008). T3 inhibits expression of both TSHβ and αGSU at the 
transcriptional level (Shupnik et al., 1989). The magnitude of T3-induced repression of the 
TSHβ gene is greater than that of αGSU. Here, we provide an overview of the molecular 
mechanisms involved in T3-induced negative regulation of the TSHβ gene and its related 
genes. 

2. Structure of T3 receptors (TRs) 
T3 receptor (TR) belongs to the nuclear hormone receptor (NHR) superfamily, and is a 
ligand-dependent transcription factor (Cheng et al., 2010). TR is encoded by two separate 
alleles; TRα and TRβ. Through alternative splicing, the TRα gene generates TRα1 and 
TRα2, while the TRβ gene generates TRβ1 and TRβ2 (Fig. 2). While TRα1, TRβ1 and TRβ2 
have T3-binding capacity, TRα2 does not bind T3. Hence, TRα1, TRβ1 and TRβ2 are 
thought to be the functional TRs. TRβ2 is expressed in limited organs including pituitary, 
hypothalamus and retina, while TRα1 and TRβ1 are ubiquitously expressed (Cheng et al., 
2010). As in the case of other NHRs, TR consists of an N-terminal region (NTD), a central 
DNA binding domain (DBD), a hinge region and a C-terminal ligand binding domain 
(LBD) (Fig. 2).  
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Fig. 1. Negative feedback loop in the hypothalamus-pituitary-thyroid axis and negative 
regulation of TSHβ and αGSU. A. The secretion of TSH (a heterodimer of TSHβ and αGSU 
subunits) in the anterior pituitary and TRH in the hypothalamus is inhibited by thyroid 
hormones (T3 and T4).  β, TSHβ chain.  α, αGSU chain.  TRH, thyrotropin releasing 
hormone.  Synthesis of TRH in hypothalamus is also negatively regulated by T3.  B. In 
patients resistant to thyroid hormone (RTH), a negative feedback loop is impaired due to a 
defect in T3 receptor (TR) β.  This finding provides the evidence for the involvement of TRβ 
in the negative regulation of the TSHβ and αGSU genes. Because of increased secretion of 
TSH, difuse goiters are often found in the patient with RTH.   
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Fig. 2. Schematic representations of TR isoforms.  TR consists of an N-terminal region 
(NTD, A/B domain), a central DNA-binding domain (DBD, C domain), a hinge region (D 
domain) and a C-terminal ligand binding domain (LBD, E/F domain). The numbers 
within the box represent the amino acid homology (%). While TRα1, TRβ1 and TRβ2 have 
T3-binding capacity, TRα2 does not bind T3. The P and D boxes are required for the 
recognition of half-site sequences (typically, AGGTCA) and the number of spacing 
nucleotides, respectively. The T and A boxes are involved in dimer formation and polarity 
of TR-RXR heterodimers on positive TRE (pTRE). P, Pbox. D, D box. T, Tbox. A, A box. 
RTH, three hot spots where mutations are frequently found in patients with RTH.  AF-2, 
activation function 2.   

3. Mechanism of positive regulation by T3 
TR activates or inhibits the transcription of its target genes in a T3-dependent manner, and 
the molecular mechanism of T3-dependent activation (positive regulation) has been 
elucidated (Cheng et al., 2010) (Fig3A).  Because findings in molecular mechanisms of 
positive regulation by T3 have greatly influenced the studies of negative regulation, it is 
necessary to outline the mechanism of T3-dependent positive regulation (Fig. 3A) before 
describing the negative regulation of the TSHβ gene (Fig. 3B).  In the positive regulation, TR 
heterodimerizes with retinoid X receptor (RXR) at the T3-responsive element (TRE) of the 
gene, the transcription of which is positively regulated by T3-bound TR (T3/TR) (Cheng et 
al., 2010). In the absence of T3, TR-RXR heterodimers interact with co-repressors, including 
nuclear receptor co-repressor (NCoR) or silencing mediator for retinoid and thyroid 
hormone receptors (SMRT). These co-repressors recruit histone deacetylase (HDAC), which 
represses the transcription of the target genes. This repressive effect by unliganded TR is 
referred to as “silencing” and is thought to play an important role in the clinical symptoms 
in hypothyroidism (Astapova et al., 2008; Astapova et al., 2011). Upon T3 binding, the TR-
RXR heterodimers release NCoR or SMRT and then recruit p160 family cofactors including 
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gene, the transcription of which is positively regulated by T3-bound TR (T3/TR) (Cheng et 
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steroid receptor coactivator-1 (SRC-1). The TR-RXR-p160 complex also recruits an additional 
coactivator, CBP/p300 (Chen et al., 1999; Glass and Rosenfeld, 2000; Huang et al., 2003). 
Both the p160 family and CBP/p300 have intrinsic histone acetyltransferase (HAT) activity 
and modify chromatin structure, resulting in the transactivation of the target genes (Fig. 
3A).  
 

 
Fig. 3. Schematic representation of T3-dependent transactivation (positive regulation) (A) 
and transrepression (negative regulation) of the TSHβ gene (B). A. TR heterodimerizes with 
retinoid X receptor (RXR) on the T3-responsive element (TRE) of the gene, the transcription 
of which is positively regulated by T3-bound TR (T3/TR).  Arrow, half-site sequence 
(typically, AGGTCA). 4xN, random four nucleotides for spacing. B. An nTRE (GGGTCA) 
has been postulated in the region immediately downstream to the transcription start site 
(TSS) of the TSHβ gene.  In contrast to the mechanism for positive regulation, the molecular 
mechanism of negative regulation has been controversial (see text).   

As shown in Fig. 3A, a typical TRE has a unique configuration designated as direct repeat 
4 (DR4), in which the random four base pairs (spacer) are incorporated into tandem 
repeats of a hexameric half-site (Cheng et al., 2010; Umesono et al., 1991). Both the half-
site sequence (typically AGGTCA) and the number of spacer nucleotides determine the 
specificity for DNA recognition by the TR-RXR heterodimer. Analogous to TR-RXR 
heterodimer binding at DR4, RXR heterodimerizes with vitamin D3 receptor (VDR) on 
direct repeats of half-sites spaced with 3 nucleotides (DR3) and it functions as a 
heterodimer partner for retinoic acid receptor (RAR) on direct repeats spaced with 5 
nucleotides (DR5) (Cheng et al., 2010; Glass and Rosenfeld, 2000). In the studies of 
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positive regulation by T3, monkey kidney-derived CV1 cells (Jensen et al., 1964) have 
been often used (Naar et al., 1991; Tillman et al., 1993; Umesono et al., 1991) because they 
possess endogenous RXR but not TR. 

4. Involvement of TR in negative regulation of the TSHβ gene: Syndrome of 
thyroid hormone resistance (RTH)  
Although the molecular mechanism in negative regulation of the TSH gene has been 
disputed (Lazar, 2003; Shupnik, 2000; Weitzel, 2008), it is apparent that TR plays a crucial 
role in it. Syndrome of resistance to thyroid hormone (RTH) is characterized by a reduced 
tissue response to T3 (Fig. 1B). The majority of patients with RTH have mutations in the 
LBD of the TRβ gene, of which amino acid sequence is shared by TRβ1 and TRβ2 proteins 
(Refetoff et al., 1993) (Fig. 2). These mutant TRβ1s and TRβ2s have defects in their T3-
binding capacity but have intact DBDs capable of recognizing the TRE (Fig. 3A). Thus, they 
bind to the TRE and constitutively interact with NCoR or SMRT, even in the presence of T3, 
resulting in silencing. In the majority of patients with RTH, inheritance is usually autosomal 
dominant, and mutant TRβ is thought to interfere with T3-induced activation by wild-type 
TR bound to the TRE (dominant negative effect).  Of note, patients with RTH also exhibit 
elevated secretion of TSH (syndrome of inappropriate secretion of TSH, SITSH) (Refetoff et 
al., 1993) (Fig. 1B). This finding provides evidence for the involvement of TRβ in the 
negative regulation of the TSHβ and αGSU genes.  However, the mechanism downstream to 
TR has been unknown (Lazar, 2003; Shupnik, 2000; Weitzel, 2008).  With regard to the 
mechanism of negative regulation of TSHβ and αGSU, the central question has been whether 
TR directly interacts and recognizes the DNA sequence of the TSHβ promoter, as identified 
for the TRE in positive regulation. Some theories indicate the direct binding of TR with 
DNA, while others favor models that are independent of a direct binding with DNA.   

5. Direct binding of TR with DNA: Negative TRE (nTRE) hypothesis 
Following the identification of the role of the TRE in the positive regulation of genes (hereafter, 
positive TRE, pTRE), some researchers have postulated a so-called negative TRE (nTRE) in the 
TSHβ (Fig. 3B) and αGSU genes (Chin et al., 1993; Shupnik, 2000; Wondisford et al., 1989). The 
observation that serum TSH levels increase in hypothyroidism led to the idea that unliganded 
TR may be the transcriptional activator for TSHβ (Fig. 3B, upper panel) and αGSU.  If 
unliganded TR is the transcriptional activator on the nTRE of these genes, one may able to 
identify the nTRE as the sequence required for the transcriptional activation by unliganded TR.  
Based on this hypothesis, deletion analysis of the TSHβ promoter was performed using human 
kidney-derived 293 cells (Wondisford et al., 1989) and it was reported that the transcriptional 
activity of the this promoter was abolished after deletion of a short DNA sequence immediately 
downstream to the transcription start site (TSS) (Wondisford et al., 1989) (Fig. 4). This sequence 
(GGGTCA) has been postulated as the nTRE because it has homology with the consensus 
sequence of a half-site (AGGTCA). The nTRE hypothesis has been regarded as one of the 
principal models to explain the molecular mechanism of negative regulation of the TSHβ 
gene (Chin et al., 1993; Cohen and Wondisford, 2005), and has been regarded as a potential 
mechanism of T3-dependent negative regulation of other genes (Edwards et al., 1994; Kim et 
al., 2005; Lin et al., 2000; Santos et al., 2006; Wright et al., 1999). However, this raised several 
questions, as discussed below.  
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5. Direct binding of TR with DNA: Negative TRE (nTRE) hypothesis 
Following the identification of the role of the TRE in the positive regulation of genes (hereafter, 
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unliganded TR is the transcriptional activator on the nTRE of these genes, one may able to 
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Based on this hypothesis, deletion analysis of the TSHβ promoter was performed using human 
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activity of the this promoter was abolished after deletion of a short DNA sequence immediately 
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(GGGTCA) has been postulated as the nTRE because it has homology with the consensus 
sequence of a half-site (AGGTCA). The nTRE hypothesis has been regarded as one of the 
principal models to explain the molecular mechanism of negative regulation of the TSHβ 
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Fig. 4. Schematic representation of the TSHβ promoter.  Pit1-US, functional Pit1-binding site. 
GATA-TRE, GATA-responsive element. SR, suppressor region. Pit1-like, the sequence 
similar to Pit1-binding site. TATA. TATA box. An nTRE (GGGTCA) has been postulated 
immediately downstream to the TSS.  

5.1 Does TR heterodimerize with RXR on the nTRE? 
While RXR is the obligate heterodimer partner for TR recognition of the pTRE (Fig. 3A), the 
involvement of RXR with the nTRE has not been determined (Fig. 3B). Although the nTRE 
sequence appears to be a single half-site, there remains the possibility that its flanking 
sequences may function as another half-site (Fig. 3B). However, if TR heterodimerizes with 
RXR on the nTRE, this configuration cannot be discriminated from that present on the pTRE 
(Fig. 3A), which may be functioning as a T3-dependent transcriptional activator but not an 
inhibitor. Previous results of reporter assays examining the effect of RXR overexpression on 
the TSHβ promoter have been controversial. Cohen et al. (Cohen et al., 1995) and Hallenbeck 
et al. (Hallenbeck et al., 1993) reported that RXR may antagonize inhibition of the TSHβ gene 
by T3/TR, while Safer et al. (Safer et al., 1997) reported that the requirement for RXR is 
different between TRβ1 and TRβ2. Nagaya et al. (Nagaya and Jameson, 1993) demonstrated 
that mutant TRβ1 (L428R) which is unable to dimerize with RXR failed to mediate T3-
induced inhibition of the αGSU promoter, while Takeda et al. (Takeda et al., 1997) reported 
that overexpression of RXR had no effect on this promoter. According to Laflamme et al. 
(Laflamme et al., 2002) RXR enhances the negative regulation of the TSHβ gene by T3, and 
this effect is mediated by the RXR-LBD and but not the DBD, suggesting that RXR may act 
as a cofactor.  
It was reported that the ligand for RXR (rexinoids) has inhibitory effect on TSHβ expression 
(Sherman et al., 1999). However, subsequent analysis revealed that the signaling pathway is 
mediated via a nt. -200/-149 region of the mouse TSHβ gene, which is different from the 
reported nTRE (GGGTCA at nt. +1/+6) (Sharma et al., 2006). While T3 inhibits the synthesis 
of thyrotropin releasing hormone (TRH) in hypothalamus (Fig 1A) and a nTRE is postulated 
in this gene (Hollenberg et al., 1995), rexinoids has no effect on its production (Sherman et 
al., 1999). It was reported that the transcription of the TSHβ gene is repressed in the CV1 
cells treated with retinoic acid (RA) (Breen et al., 1995); however, its precise mechanism is 
unknown.  Although all three RXRs, α, β and γ, are expressed in TSHoma cells, TtT97 
(Sharma et al., 2006), double immunostaining studies of the hypothyroid rat pituitary using 
an antibodies against pituitary hormones and RXR suggest that RXRγ is predominantly 
expressed in thyrotrophs (Sugawara et al., 1995). Barros et al. (Barros et al., 1998) reported 
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that no alteration in the serum level of TSH, T3 or T4 was observed in RXRα (-/+) mice or 
RXRγ (-/-) mice. The authors suggested that ablation of RXRs has little effect on the negative 
regulation of the TSHβ gene. Currently, there are few rationales to confirm the recognition 
of the nTRE by TR-RXR heterodimers.  

5.2 Does TR bind to the nTRE as a monomer? 
Gel shift assays indicate that TR monomers bind with the nTRE and that this interaction is 
abolished by RXR (Cohen et al., 1995). However, the hypothesis that TR binds with the 
nTRE as a monomer (Fig. 3B) also raises other questions which are difficult to answer. First, 
for the direct recognition of DNA sequence by DNA-binding transcription factors including 
NHRs, formation of a homo- or heterodimer is usually required. As expected, gel shift 
assays revealed that TR-monomer binding with single half-sites (i.e. nTRE) is much weaker 
than that of TR-RXR heterodimer binding to DR4 (Cohen et al., 1995). It should be noted that 
TSH synthesis in severe hypothyroidism is dramatically high (Fisher et al., 2000). Given that 
unliganded TR may maintain the basal activity of the TSHβ promoter in hypothyroidism, it 
is difficult to imagine that such a weak binding of TR monomer with the nTRE can achieve 
this high level of transcriptional activity. Second, there is ligand/NHR selectivity, i.e., the 
negative regulation of the TSHβ gene is clinically specific to T3 and partially estrogen (E2), 
but not other NHR ligands (Cohen and Wondisford, 2005). While, in positive regulation, the 
number of spacing nucleotides between half-sites is a critical factor in determining receptor 
specificity, it is unknown as to how TR selectively recognizes the nTRE DNA sequence in 
the TSHβ gene. Finally, it is not easy to explain why TR monomers on a single half-site can 
exhibit reverse functions, i.e. recruitment of co-activators in the absence of T3 and 
association with co-repressors in the presence of T3 (Fig. 3B).  We proposed previously a 
model where TR is able to bind with reported nTRE only in the presence of T3 (Sasaki et al., 
1999).  Although the nTRE in the TSHβ gene was originally defined on the basis of the 
experiments with non-pituitary 293 cells (Wondisford et al., 1989), we and other 
investigators suggested the possibility that an unknown thyrotroph-specific factor may 
switch T3/TR on the nTRE from a transcriptional activator to an inhibitor (Sasaki et al., 
1999; Shupnik, 2000; Wondisford et al., 1993). However, its existence has not been confirmed 
because of the limited number of cultured thyrotroph cell lines available (Ooi et al., 2004; 
Sarapura et al., 2002).   

6. Models that do not postulate direct DNA binding of TR 
The following hypotheses proposed models for T3-induced negative regulation without the 
involvement of direct DNA binding of TR.  

6.1 NCoR or SMRT 
There are many studies with regard to the involvement of NCoR or SMRT in the negative 
regulation by T3.  It was reported that co-expression of NCoR and SMRT may enhance basal 
stimulation of the TSHβ, αGSU and prepro-TRH promoters in a TR-dependent manner 
(Tagami et al., 1997).  With regard to the T3-induced negative regulation of the Rous 
sarcoma virus-derived 5’ truncated terminal repeat (RSV-LTR) (Berghagen et al., 2002) and 
the rat CD44 gene (Kim et al., 2005), it was reported that NCoR and SMRT may function as 
transcriptional co-activators in the transcriptional regulation of these genes. According to 
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Fig. 4. Schematic representation of the TSHβ promoter.  Pit1-US, functional Pit1-binding site. 
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similar to Pit1-binding site. TATA. TATA box. An nTRE (GGGTCA) has been postulated 
immediately downstream to the TSS.  
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Tagami et al. (Tagami et al., 1999), unliganded TR in solution may squelch NCoR or SMRT 
from the transcription factor on the target promoter. Upon T3 binding, TR may release these 
co-repressors, resulting in their association with the DNA-binding transcription factor, 
which maintains the basal activity of the promoter of the target gene. However, this notion 
was tempered by following questions. First, the mechanism involved in the association of 
NCoR or SMRT with the target promoters is unknown. Second, it was undetermined 
whether the majority of NCoR and SMRT are sequestered by the relatively limited amount 
of intracellular TR (5000 to 10000 molecule/cell) (Oppenheimer et al., 1974). Third, NCoR 
and SMRT also interact with unliganded RAR and peroxisome proliferator-activated 
receptors (PPARs) (Nofsinger et al., 2008; Suzuki et al., 2010). It is unlikely that these NHRs 
also inhibit TSHβ or αGSU expression in the presence of cognate ligands. Finally, it was 
reported that the negative regulation by T3 is mediated by the mutant TRβ, AHT, of which 
interaction with co-repressors is impaired (Nakano et al., 2004).  Using an experimental 
model similar to the mammalian two-hybrid assay, Wulf et al. (Wulf et al., 2008) also 
demonstrated that negative regulation by T3/TR is possible via the interaction of TR with a 
co-repressor. However, their experimental setting was completely artificial.   
Amino acid sequence of TR2-NTD is unique and has low homology with that of TR1 or 
TRα1 (Fig. 2).  The N-terminal domain of TRβ2 is known to neutralize the silencing activity 
of co-repressors in the context of TR-RXR heterodimers on the pTRE (Hollenberg et al., 1996; 
Yang et al., 1999), and the NTD of TRβ2 may have some role in the negative regulation of 
the prepro-TRH gene (Guissouma et al., 2002).  However, the physiological relevance in the 
negative regulation of TSHβ gene is unknown.  Of note, in vitro experiments showed that 
not only TRβ2 but also TR1 and TR1 can inhibit the transcription of the TSHβ gene in a T3 
dependent manner (Nakano et al., 2004).  The findings in TRβ/TRα-double knockout mice 
(Gothe et al., 1999) indicates that TRα1 is partially involved in the negative regulation of 
TSHβ gene although its expression level is less than that of TRβ2 (see below).   
The amino acid sequence required for the interaction of NCoR and SMRT with unliganded 
TR has been identified. Based on this information, mice harboring mutant SMRT 
(SMRTmRID) (Nofsinger et al., 2008) or mutant NCoR (NCoRΔID) (Astapova et al., 2011), 
which results in defective interaction with unliganded TR, were established. Importantly, 
the negative regulation of the TSHβ gene by T3 was not impaired in knock-in mice with 
SMRTmRID or NCoRΔID, although the latter exhibited a reduced amount of TR protein in 
the pituitary gland and reduced sensitivity for TSH by the thyroid gland. Likewise, TRH 
expression in the hypothalamus was not affected in NCoRΔID-knock-in mice (Astapova et 
al., 2011). This is supported by an in vivo study, which showed that the overexpression of 
these co-repressors is incompatible with physiological regulation of TRH (Becker et al., 
2001). As in the cases of the TSHβ and αGSU genes, mRNA expression of the myosin heavy 
chain β subunit (MHCβ) gene in the heart is also repressed by T3/TR (Gupta, 2007). In 
NCoRΔID mice, T3-induced inhibition of MHCβ is maintained (Astapova et al., 2011).  
Moreover, Astapova et al, (Astapova et al., 2008) established a liver-specific NCoRΔID 
knock-in mouse. According to them, of 326 genes that are negatively regulated by T3 in the 
liver, only 3 genes were repressed in hypothyroid conditions, suggesting little effect of 
NCoR on the majority of the negatively regulated T3-target genes. While SMRTmRID- or 
NCoRΔID-knock-in mice survive, the global deletion of both the NCoR and SMRT genes are 
embryonic lethal (Jepsen et al., 2007). These findings suggest that NCoR and SMRT have 
important roles other than interaction with liganded NHRs. For example, they interact with 
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p53, Myc, MyoD Ptx1 and Foxo1 (Nofsinger et al., 2008). Thus, it is unlikely that T3-binding 
with TR affects the transcriptional regulation of all of the genes regulated by NCoR or SMRT 
in vivo.  

6.2 CBP/p300 and p160 family 
cAMP-response-element-binding protein-binding protein (CBP)/p300 is required for 
transactivation by multiple DNA-binding transcription factors including NFkB and AP-1, 
and functions as a coactivator for liganded NHRs (Kamei et al., 1996). As a model for the 
ligand-dependent inhibition by NHRs, it was proposed that liganded NHRs may attenuate 
the transactivation by DNA-binding transcription factors via interference of CBP/p300 
function (Kamei et al., 1996). However, subsequent studies reported that inhibition by 
liganded NHR is not rescued by overexpression of these co-activators (De Bosscher et al., 
1997; De Bosscher et al., 2001; Wu et al., 2004). It was also suggested that the CBP/p300-
interacting surface on the NHR-LBD may be different from that required for T3-dependent 
inhibition (Saatcioglu et al., 1997; Valentine et al., 2000).  
Although inappropriate overexpression of TSH is reported in SRC1-deficient mice (Takeuchi 
et al., 2002), it is difficult to determine what adaptive processes have occurred during 
pituitary development in SRC-1(-/-) mice since ablation of the SRC-1 gene also affects the 
expression of other p160 family members and TRs (Sadow et al., 2003; Xu et al., 1998).  While 
p160 proteins are known to interact with multiple NHRs other than TR in a ligand-
dependent manner, inhibition of the TSHβ gene or the αGSU gene is specific to T3, and 
partially estrogen (Cohen and Wondisford, 2005). In some patients with RTH, there are no 
mutations of the TRβ or TRα gene (non-TR RTH) (Refetoff and Dumitrescu, 2007; Refetoff et 
al., 1993). Although defects in cofactors that may mediate the negative regulation of the 
TSHβ gene have been postulated in these cases, linkage analyses with polymorphic markers 
showed that the involvement of SRC-1, NCoR, SMRT or RXRγ is unlikely (Reutrakul et al., 
2000).  

6.3 Protein-protein interaction of TR with DNA-binding transcription factors: Tethering 
model 
In vitro binding assays, including gel shift assays, are limited in that the amount of TR 
and/or RXR used may not always reflect the in vivo situation. To overcome this problem, 
Shibusawa et al. (Shibusawa et al., 2003a; Shibusawa et al., 2003b) established mice in which 
TRβ is unable to bind DNA due to a mutation in its DBD. They reported that the negative 
regulation of the TSHβ gene is relieved in these mice. One may assume that this result 
provides evidence for the direct binding of TRβ with the nTRE because, in positive 
regulation, the pTRE is recognized by the TR-DBD. However, the function of the DBD of 
NHR is not limited to DNA recognition. It is known that the DBD also interacts with other 
DNA-binding transcription factors including NFkB (De Bosscher et al., 2003; Kalaitzidis and 
Gilmore, 2005; Kalkhoven et al., 1996; Ray and Prefontaine, 1994; Scheinman et al., 1995; 
Stein and Yang, 1995; Tao et al., 2001; Wissink et al., 1997), AP-1 (typically Jun/Fos 
heterodimers) (De Bosscher et al., 2001; Heck et al., 1994; Lopez et al., 1993; Schule et al., 
1990; Webb et al., 1995), Nur77 (Martens et al., 2005) and GATA family transcription factors 
(Clabby et al., 2003; Matsushita et al., 2007), resulting in their inhibition by NHRs in a 
ligand-dependent fashion.  
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Tagami et al. (Tagami et al., 1999), unliganded TR in solution may squelch NCoR or SMRT 
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the negative regulation of the TSHβ gene by T3 was not impaired in knock-in mice with 
SMRTmRID or NCoRΔID, although the latter exhibited a reduced amount of TR protein in 
the pituitary gland and reduced sensitivity for TSH by the thyroid gland. Likewise, TRH 
expression in the hypothalamus was not affected in NCoRΔID-knock-in mice (Astapova et 
al., 2011). This is supported by an in vivo study, which showed that the overexpression of 
these co-repressors is incompatible with physiological regulation of TRH (Becker et al., 
2001). As in the cases of the TSHβ and αGSU genes, mRNA expression of the myosin heavy 
chain β subunit (MHCβ) gene in the heart is also repressed by T3/TR (Gupta, 2007). In 
NCoRΔID mice, T3-induced inhibition of MHCβ is maintained (Astapova et al., 2011).  
Moreover, Astapova et al, (Astapova et al., 2008) established a liver-specific NCoRΔID 
knock-in mouse. According to them, of 326 genes that are negatively regulated by T3 in the 
liver, only 3 genes were repressed in hypothyroid conditions, suggesting little effect of 
NCoR on the majority of the negatively regulated T3-target genes. While SMRTmRID- or 
NCoRΔID-knock-in mice survive, the global deletion of both the NCoR and SMRT genes are 
embryonic lethal (Jepsen et al., 2007). These findings suggest that NCoR and SMRT have 
important roles other than interaction with liganded NHRs. For example, they interact with 

 
Negative Regulation of the Thyrotropin β Gene by Thyroid Hormone 

 

109 
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transactivation by multiple DNA-binding transcription factors including NFkB and AP-1, 
and functions as a coactivator for liganded NHRs (Kamei et al., 1996). As a model for the 
ligand-dependent inhibition by NHRs, it was proposed that liganded NHRs may attenuate 
the transactivation by DNA-binding transcription factors via interference of CBP/p300 
function (Kamei et al., 1996). However, subsequent studies reported that inhibition by 
liganded NHR is not rescued by overexpression of these co-activators (De Bosscher et al., 
1997; De Bosscher et al., 2001; Wu et al., 2004). It was also suggested that the CBP/p300-
interacting surface on the NHR-LBD may be different from that required for T3-dependent 
inhibition (Saatcioglu et al., 1997; Valentine et al., 2000).  
Although inappropriate overexpression of TSH is reported in SRC1-deficient mice (Takeuchi 
et al., 2002), it is difficult to determine what adaptive processes have occurred during 
pituitary development in SRC-1(-/-) mice since ablation of the SRC-1 gene also affects the 
expression of other p160 family members and TRs (Sadow et al., 2003; Xu et al., 1998).  While 
p160 proteins are known to interact with multiple NHRs other than TR in a ligand-
dependent manner, inhibition of the TSHβ gene or the αGSU gene is specific to T3, and 
partially estrogen (Cohen and Wondisford, 2005). In some patients with RTH, there are no 
mutations of the TRβ or TRα gene (non-TR RTH) (Refetoff and Dumitrescu, 2007; Refetoff et 
al., 1993). Although defects in cofactors that may mediate the negative regulation of the 
TSHβ gene have been postulated in these cases, linkage analyses with polymorphic markers 
showed that the involvement of SRC-1, NCoR, SMRT or RXRγ is unlikely (Reutrakul et al., 
2000).  

6.3 Protein-protein interaction of TR with DNA-binding transcription factors: Tethering 
model 
In vitro binding assays, including gel shift assays, are limited in that the amount of TR 
and/or RXR used may not always reflect the in vivo situation. To overcome this problem, 
Shibusawa et al. (Shibusawa et al., 2003a; Shibusawa et al., 2003b) established mice in which 
TRβ is unable to bind DNA due to a mutation in its DBD. They reported that the negative 
regulation of the TSHβ gene is relieved in these mice. One may assume that this result 
provides evidence for the direct binding of TRβ with the nTRE because, in positive 
regulation, the pTRE is recognized by the TR-DBD. However, the function of the DBD of 
NHR is not limited to DNA recognition. It is known that the DBD also interacts with other 
DNA-binding transcription factors including NFkB (De Bosscher et al., 2003; Kalaitzidis and 
Gilmore, 2005; Kalkhoven et al., 1996; Ray and Prefontaine, 1994; Scheinman et al., 1995; 
Stein and Yang, 1995; Tao et al., 2001; Wissink et al., 1997), AP-1 (typically Jun/Fos 
heterodimers) (De Bosscher et al., 2001; Heck et al., 1994; Lopez et al., 1993; Schule et al., 
1990; Webb et al., 1995), Nur77 (Martens et al., 2005) and GATA family transcription factors 
(Clabby et al., 2003; Matsushita et al., 2007), resulting in their inhibition by NHRs in a 
ligand-dependent fashion.  
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This kind of ligand-induced repression via protein–protein interactions is referred to as the 
"tethering mechanism" (De Bosscher et al., 2003; Herrlich, 2001; Nissen and Yamamoto, 2000; 
Pfahl, 1993). Thus, while mutation of the TRβ DBD abrogates the negative regulation of the 
TSHβ gene by T3, it does not always imply a direct interaction of the TR with DNA. Of note, 
there are ligand/receptor specificities in the repression by liganded NHRs via the tethering 
mechanism (Caldenhoven et al., 1995; Liden et al., 1997; Matsushita et al., 2007). Moreover, 
dimer formation is not always required for ligand-dependent inhibition via the tethering 
mechanism. A mutant glucocorticoid receptor (GR), A458T, is known to have a defect in 
dimer formation and therefore in glucocorticoid-responsive element-dependent 
transactivation. It was reported that functions that require cross-talk with other 
transcription factors, such as transrepression of the AP-1-driven genes, remain intact in this 
mutant GR (Herrlich, 2001; Reichardt et al., 1998).  This raises again the question whether 
heterodimer formation of TR with RXR is necessary for the negative regulation of the TSHβ 
gene by T3.   

7. Other possible mechanisms 
Although T3 treatment is known to reduce the stability of TSHβ mRNA (Krane et al., 1991), 
the role of TR has not been clarified, and the involvement of similar mechanisms in the 
regulation of the αGSU mRNA have not been reported (Staton et al., 2000). A mechanism 
operating via anti-sense RNA was proposed to be involved in negative regulation of the 
MHCβ gene by T3 (Danzi and Klein, 2005; Haddad et al., 2003). In rat chromosome 15, the 
MHCβ gene is located upstream to the MHC gene, which has a classic pTRE. It was 
reported that, in a T3-dependent manner, TR-RXR heterodimers at pTRE of the MHC 
promoter may activate not only MHC transcription but also synthesis of anti-sense RNA 
against the MHCβ gene, resulting in the antagonism of MHCβ expression. However, this 
kind of mechanism has not been reported in other negatively regulated genes including the 
TSHβ or the αGSU genes.  

8. Artificial negative regulation by T3/TR  
There have been at least two technical problems that have hindered the elucidation of the 
mechanism of negative regulation by T3/T.  

8.1 pUC/pBR322-derived AP-1 site 
As shown above, liganded NHRs, including T3/TR and liganded GR, inhibit the 
transcriptional activity of AP-1 via the tethering mechanism. Unexpectedly, a functional AP-
1 site was identified in nt. 1/138 of pUC-derived plasmids and its activity is repressed by 
T3/TR (Lopez et al., 1993). More than 2000 plasmid constructs bearing the sequence 
identical to nt. 1/138 in the pUC18/19 vector were detected in the BLAST database. 
Interestingly, our computer search revealed that this site is also included in the pBR322 
vector (Yanisch-Perron et al., 1985). In early molecular biology studies, both vectors were 
often utilized in “home-made plasmids”. Unfortunately, this AP-1 site was contaminated in 
some of the plasmids used for the analysis of TSHβ negative regulation by T3 (Hallenbeck et 
al., 1993; Wondisford et al., 1989).  
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8.2 Firefly luciferase gene 
The firefly luciferase assay has been utilized in a variety of analyses of transcriptional 
regulation, including negative regulation of the TSHβ and the αGSU genes due to its 
advantage over the CAT assay (Misawa et al.). However, at least in CV1 cells (Tillman et al., 
1993), JEG3 cells (Maia et al., 1996) and Hepa1-6 mouse hepatoma cells (Chan et al., 2008), 
firefly luciferase cDNA has been reported to function as a transcriptional regulatory 
sequence that mediates artificial negative regulation by T3/TR. The length of firefly 
luciferase cDNA (1653 bp) is much longer than that of the CAT gene (657 bp). A computer 
search predicts more than 250 potential sites for DNA-binding transcription factors in firefly 
luciferase cDNA (Liu and Brent, 2008). Misawa et al. (Misawa et al.) recently found that 
firefly luciferase cDNA behaves as a transcriptional enhancer that can be stimulated by the 
protein kinase C activator, phorbol 12-O-tetradecanoate-13-acetate (TPA), and that this 
activity is inhibited by T3/TR in CV1 and JEG3 cells. The cDNA sequences of modified 
firefly luciferase (luc+) (Annicotte et al., 2001; Paguio et al., 2005) and conventional Renilla 
luciferase (RL) (Ho and Strauss, 2004; Osborne and Tonissen, 2002; Zhuang et al., 2001) also 
harbor numerous short sequences that can be recognized by a variety of transcription 
factors. Modified luciferase genes, including hRluc (Zhuang et al., 2001) and Luc2 (Paguio et 
al., 2005), may be more reliable than firefly luciferase (Misawa et al.), presumably because 
the majority of predicted transcription factor binding sites were mutated.  

8.3 Problems with artificial negative regulation in the identification of the nTREs by 
reporter assays 
When a strong promoter is fused to firefly luciferase cDNA, the activity of this DNA sequence 
as a transcriptional regulatory element can be negligible. Nonetheless, one should remember 
that sequential deletion or mutation of the promoter sequence often reduces its transcriptional 
activity. Once the activity of the promoter becomes lower than that of the activity via the firefly 
luciferase gene, the overall activity of the reporter gene may represent that of the firefly 
luciferase cDNA, which can be artificially inhibited by T3/TR.  For example, a deletion 
analysis to identify a nTRE in the αGSU gene was also carried out using the firefly luciferase 
reporter system in JEG3 cells (Madison et al., 1993).  However, nTRE was not identified 
because T3-induced negative regulation was detected even a promoter that only has a TATA 
box and a TSS. There is the possibility that sequential deletion of DNA might reduce the 
transcription activity of the αGSU promoter, thereby permitting the firefly luciferase cDNA to 
function as a transcriptional regulatory element, resulting in artificial suppression by T3/TR.  
Using the luciferase reporter gene, it was previously proposed that the nTRE of the TSHβ gene 
may have a direct repeat configuration without spacing nucleotides (DR0) (Naar et al., 1991). 
The authors reported that a reduction in spacing nucleotide number may convert DR4 from a 
pTRE to a nTRE. Unexpectedly, this was not reproduced by the CAT-based reporter system 
(private communication from Dr. Kazuhiko Umesono). According to Tillman et al. (Tillman et 
al., 1993), deletion of spacing nucleotides might destroy the T3-dependent activation and 
allowed artificial repression by T3/TR via firefly luciferase cDNA.  
Whereas firefly luciferase assay has broad linearity, careful interpretation and appropriate 
control are necessary in particular when the promoter activity before T3 addition is reduced 
in the course of deletion or mutation analysis (Misawa et al.).  Although several nTREs in 
different genes have been suggested in the vicinity of TSSs, few of these reports excluded 
the possibility of T3-mediated artificial negative regulation by a reporter plasmid backbone.  
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This kind of ligand-induced repression via protein–protein interactions is referred to as the 
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dimer formation and therefore in glucocorticoid-responsive element-dependent 
transactivation. It was reported that functions that require cross-talk with other 
transcription factors, such as transrepression of the AP-1-driven genes, remain intact in this 
mutant GR (Herrlich, 2001; Reichardt et al., 1998).  This raises again the question whether 
heterodimer formation of TR with RXR is necessary for the negative regulation of the TSHβ 
gene by T3.   

7. Other possible mechanisms 
Although T3 treatment is known to reduce the stability of TSHβ mRNA (Krane et al., 1991), 
the role of TR has not been clarified, and the involvement of similar mechanisms in the 
regulation of the αGSU mRNA have not been reported (Staton et al., 2000). A mechanism 
operating via anti-sense RNA was proposed to be involved in negative regulation of the 
MHCβ gene by T3 (Danzi and Klein, 2005; Haddad et al., 2003). In rat chromosome 15, the 
MHCβ gene is located upstream to the MHC gene, which has a classic pTRE. It was 
reported that, in a T3-dependent manner, TR-RXR heterodimers at pTRE of the MHC 
promoter may activate not only MHC transcription but also synthesis of anti-sense RNA 
against the MHCβ gene, resulting in the antagonism of MHCβ expression. However, this 
kind of mechanism has not been reported in other negatively regulated genes including the 
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transcriptional activity of AP-1 via the tethering mechanism. Unexpectedly, a functional AP-
1 site was identified in nt. 1/138 of pUC-derived plasmids and its activity is repressed by 
T3/TR (Lopez et al., 1993). More than 2000 plasmid constructs bearing the sequence 
identical to nt. 1/138 in the pUC18/19 vector were detected in the BLAST database. 
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8.2 Firefly luciferase gene 
The firefly luciferase assay has been utilized in a variety of analyses of transcriptional 
regulation, including negative regulation of the TSHβ and the αGSU genes due to its 
advantage over the CAT assay (Misawa et al.). However, at least in CV1 cells (Tillman et al., 
1993), JEG3 cells (Maia et al., 1996) and Hepa1-6 mouse hepatoma cells (Chan et al., 2008), 
firefly luciferase cDNA has been reported to function as a transcriptional regulatory 
sequence that mediates artificial negative regulation by T3/TR. The length of firefly 
luciferase cDNA (1653 bp) is much longer than that of the CAT gene (657 bp). A computer 
search predicts more than 250 potential sites for DNA-binding transcription factors in firefly 
luciferase cDNA (Liu and Brent, 2008). Misawa et al. (Misawa et al.) recently found that 
firefly luciferase cDNA behaves as a transcriptional enhancer that can be stimulated by the 
protein kinase C activator, phorbol 12-O-tetradecanoate-13-acetate (TPA), and that this 
activity is inhibited by T3/TR in CV1 and JEG3 cells. The cDNA sequences of modified 
firefly luciferase (luc+) (Annicotte et al., 2001; Paguio et al., 2005) and conventional Renilla 
luciferase (RL) (Ho and Strauss, 2004; Osborne and Tonissen, 2002; Zhuang et al., 2001) also 
harbor numerous short sequences that can be recognized by a variety of transcription 
factors. Modified luciferase genes, including hRluc (Zhuang et al., 2001) and Luc2 (Paguio et 
al., 2005), may be more reliable than firefly luciferase (Misawa et al.), presumably because 
the majority of predicted transcription factor binding sites were mutated.  
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reporter assays 
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as a transcriptional regulatory element can be negligible. Nonetheless, one should remember 
that sequential deletion or mutation of the promoter sequence often reduces its transcriptional 
activity. Once the activity of the promoter becomes lower than that of the activity via the firefly 
luciferase gene, the overall activity of the reporter gene may represent that of the firefly 
luciferase cDNA, which can be artificially inhibited by T3/TR.  For example, a deletion 
analysis to identify a nTRE in the αGSU gene was also carried out using the firefly luciferase 
reporter system in JEG3 cells (Madison et al., 1993).  However, nTRE was not identified 
because T3-induced negative regulation was detected even a promoter that only has a TATA 
box and a TSS. There is the possibility that sequential deletion of DNA might reduce the 
transcription activity of the αGSU promoter, thereby permitting the firefly luciferase cDNA to 
function as a transcriptional regulatory element, resulting in artificial suppression by T3/TR.  
Using the luciferase reporter gene, it was previously proposed that the nTRE of the TSHβ gene 
may have a direct repeat configuration without spacing nucleotides (DR0) (Naar et al., 1991). 
The authors reported that a reduction in spacing nucleotide number may convert DR4 from a 
pTRE to a nTRE. Unexpectedly, this was not reproduced by the CAT-based reporter system 
(private communication from Dr. Kazuhiko Umesono). According to Tillman et al. (Tillman et 
al., 1993), deletion of spacing nucleotides might destroy the T3-dependent activation and 
allowed artificial repression by T3/TR via firefly luciferase cDNA.  
Whereas firefly luciferase assay has broad linearity, careful interpretation and appropriate 
control are necessary in particular when the promoter activity before T3 addition is reduced 
in the course of deletion or mutation analysis (Misawa et al.).  Although several nTREs in 
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9. TR2 is the main mediator for the negative regulation of the TSH gene by 
T3  
There is one family with RTH in which the TRβ allele was globally deleted (Takeda et al., 
1992). Elevated synthesis of TSH, i.e. SITSH, was found in a homozygote in this family, 
presumably due to the defect in TR signaling in the thyrotrophs. Likewise, mice deficient for 
the TRβ gene exhibit increased expression of TSHβ and αGSU in thyrotrophs (Forrest et al., 
1996). These findings imply the involvement of TRβ in the negative regulation of these 
genes. Moreover, Abel et al. (Abel et al., 1999) reported that TRβ2-null mice develop a 
similar degree of central resistance to T3 similarly to TRβ-null mice, suggesting that, among 
TRβ1, TRβ2 and TRα1, TRβ2 is the main mediator for the inhibition of the TSHβ gene. This 
notion is compatible with our findings that the expression of TRβ2 is much higher than 
TRα1 or TRβ1 (Nakano et al., 2004) in the thyrotroph cell line, TαT1 (Yusta et al., 1998). The 
fact that no resistance to T3 is observed in mice deficient for the TRα gene (Fraichard et al., 
1997; Wikstrom et al., 1998) indicates that TRα1 in thyrotrophs has a limited role in the 
negative feedback of the TSHβ gene by T3. It should be noted, however, that serum TSH 
levels in TRβ/TRα-double knockout mice (Gothe et al., 1999) is higher than TRβ-null mice 
(Forrest et al., 1996). Hence, the negative regulation of the TSHβ gene is partially mediated 
by TRα1 in vivo.   

10. What is the mechanism that maintains the basal transcriptional activity of 
the TSHβ gene before T3 addition? 
It is apparent that the negative regulation of the TSHβ gene by T3/TR can be observed only 
when its promoter is activated prior to T3 addition.  However, previous studies have paid 
little attention to the mechanism of activation because some of the hypotheses mentioned 
above regard the basal transcriptional activity of the TSHβ gene to be maintained by 
unliganded TR.  In addition, due to the limitation of the cell lines that recapitulate the 
thyrotroph phenotype (Ooi et al., 2004; Sarapura et al., 2002), the nTRE of the TSHβ gene has 
been studied using either kidney-derived 293 cells (Wondisford et al., 1989), COS cells (Carr 
et al., 1992) or somatotroph-derived GH3 cells (Sasaki et al., 1999).  Of note, even in the 
presence of overexpressed TR, the magnitude of the basal transcriptional activity of the 
TSHβ gene prior to T3 addition is extremely low in these cell lines (Sasaki et al., 1999; 
Wondisford et al., 1989), and is almost negligible compared with that observed in the 
presence of the thyrotroph-specific transcription factors, Pit1 and GATA2 (Nakano et al., 
2004) (see below).  

11. Unliganded TR per se is not a transcriptional activator for the TSHβ gene 
Because negative regulation has been regarded as the mirror image of the positive 
regulation, unliganded TR was thought to be a transcriptional activator (Wondisford et al., 
1989).  If this were the case, TSHβ and αGSU expression would be reduced in mice lacking 
the TR gene irrespective of serum T3 and T4 levels. However, as described above, their 
expression was not reduced but rather was increased in mice deficient for the TRβ gene 
(Abel et al., 1999; Forrest et al., 1996; Weiss et al., 1997) or both TRα and TRβ genes (Gothe et 
al., 1999).  In the family with RTH, in which the TRβ allele is globally deleted (Takeda et al., 
1992), elevation of serum TSH was also found in the homozygotes of this family. This again 
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suggests that unliganded TRβ is not necessary for the activity of the TSHβ promoter in 
human and that the TSHβ gene is activated by factors other than unliganded TR.  

12. GATA2 and Pit1 maintain basal TSHβ expression in thyrotrophs 
It is known that a pituitary-specific transcription factor, Pit1 (Fig 5A), plays a critical role in 
TSHβ expression since its mutation causes combined pituitary hormone deficiency (CPHD), 
where the syntheses of TSHβ, prolactin and growth hormone are crippled or abolished 
(Cohen and Radovick, 2002).  
 

 
 

Fig. 5. Schematic representations of Pit1 (A) and GATA1, 2 and 3 (B).  A. CBP, amino acid 
sequence interacting with CBP. POUS, POU specific domain. POUH. POU homeodomain. 
GATA, amino acid sequence interacting with GATA2. B. Structure of GATA1, 2, 3, GATA2-
NZ and GATA2-ZC (see text). The numbers within the box represent the amino acid 
homology (%).  

Promoter analysis of the TSHβ gene in TSHoma cells, TtT97, revealed that nt. -269 from the 
TSS is sufficient for thyrotroph-specific expression of this gene (Wood et al., 1990). As 
shown in Fig. 4, a functional Pit1-binding site is included in this region (Haugen et al., 1993) 
and was designated as Pit1-US (Kashiwabara et al., 2009). Interestingly, comparison of the 
pattern of DNA foot printing using nuclear extracts from TtT97 cells and that from GH3 
cells revealed that this promoter region also has binding sites for the transcription factor, 
GATA2 (Fig 4 and 5B) (Gordon et al., 1997), which was originally identified to be involved 
in the gene regulation of a hematopoietic cell lineage (Shimizu and Yamamoto, 2005). 
Indeed, there are two GATA-responsive elements (GATA-REs) immediately downstream of 
the Pit1-US (Gordon et al., 1997). Subsequent analysis with various transgenic mice revealed 
that co-expression of Pit1 and GATA2 is crucial for the differentiation of thyrotrophs (Dasen 
et al., 1999).  
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9. TR2 is the main mediator for the negative regulation of the TSH gene by 
T3  
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13. GATA2, not Pit1, is the true activator that drives the promoter activity of 
TSHβ 
Kashiwabara et al. (Kashiwabara et al., 2009) reported that the co-operation of Pit1 with 
GATA2 is strictly determined by the number of nucleotides between the Pit1-US and 
GATA-REs (Fig 4), and suggested the possibility that a configuration of the Pit1-US and 
GATA-REs may be critical for the recruitment of CBP/p300 (Fig 6).   
 
 

 
 
 

Fig. 6. Molecular mechanism of the transcriptional regulation of the TSHβ gene. A 
configuration of the Pit1-US and GATA-REs may be critical for the recruitment of 
CBP/p300.  T3/TR represses the GATA2-dependent activation of the TSHβ promoter via a 
tethering mechanism. Pit1 binds with the Pit1-like element in SR and competes with SR 
binding protein (SRBP), resulting in protection of GATA2 functionality from inhibition by 
SR (de-repression). TRH-R, TRH receptor,  FOG2, friend of GATA 2.   
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The authors also noticed that a 30bp region downstream from the GATA-REs is highly 
conserved among rat, mice and humans, and includes a sequence similar to the Pit1-binding 
site (Pit1-like element, Fig. 4). This sequence was designated the suppressor region (SR) 
because its deletion increased the transactivation by GATA2 and Pit1. Interestingly, deletion 
of the SR enabled GATA2 to transactivate the TSHβ gene without Pit1. Detailed analysis 
revealed that Pit1 binds with the Pit1-like element in the SR (Fig. 4) and competes with 
binding of SR binding protein (SRBP), resulting in protection of the GATA2 function from 
inhibition by SRBP (Fig 6). Thus, cooperation of Pit1 with GATA2 is not synergistic, but Pit1 
protects  GATA2 from inhibition by SR (de-repression). These findings not only provide an 
insight as to why TSHβ expression is restricted in thyrotrophs where Pit1 and GATA2 co-
exist, but also imply that the true activator that drives the TSHβ promoter activity is GATA2 
but not Pit1 (Kashiwabara et al., 2009).  

14. Negative regulation of the TSHβ gene is not the mirror image of positive 
regulation 
Gordon et al. (Gordon et al., 1997) reported that the TSHβ gene can be activated by Pit1 
and GATA2 in CV1 cells. Because CV1 cells are kidney derived and has been utilized in 
the studies of positive regulation by T3/TR (Naar et al., 1991; Tillman et al., 1993; 
Umesono et al., 1991), Nakano et al. (Nakano et al., 2004) tested whether negative 
regulation of TSHβ by T3 may be simulated when TR is co-expressed with Pit1 and 
GATA2 in this cell line. They employed the CAT-based reporter gene, TSHβ-CAT (Sasaki 
et al., 1999), in which the pUC/pBR322-derived AP-1 element (Lopez et al., 1993) was 
deleted. Using this experimental system, Nakano et al. (Nakano et al., 2004) found the 
following results. First, T3-induced inhibition of the TSHβ gene was readily observed in 
CV1 cells transfected with Pit1, GATA2 and TRβ2. This implies that T3-induced negative 
regulation of the TSHβ gene does not require so-called thyrotroph specific factors except 
for Pit1, GATA2 and TR. Second, T3-induced inhibition was also detected with all three 
functional TRs, TRβ1, TRβ2 and TRα1, with TRβ2 exhibiting the most potent T3-
dependent inhibition among them. This observation again supports the notion that TRβ2 
is the principal TR that mediates negative regulation of the TSHβ gene (Abel et al., 1999). 
Third, without Pit1 or GATA2, unliganded TR did not transactivate the TSHβ promoter at 
all. This implies that unliganded TR alone is not the transcriptional activator. This notion 
is in line with the results of data from TRβ-knockout mice (Forrest et al., 1996) and 
TRβ/TRα-double knockout mice (Gothe et al., 1999). Therefore, in negative regulation of 
the TSHβ gene, T3/TR is a transcriptional repressor, but unliganded TR per se is not an 
activator. This is in contrast with positive regulation (Fig. 3A), where the T3-target genes 
are activated by T3/TR while it is repressed by unliganded TR (silencing). These findings 
run counter to the hypothesis that the negative regulation of this gene may be a mirror 
image of its positive regulation (Wondisford et al., 1989).  

15. T3/TR represses GATA2-dependent activation of the TSHβ promoter via 
the tethering mechanism 
The putative nTRE was defined by analysis of the TSH promoter in the absence of T3 
(Wondisford et al., 1989).  Because this was based on the hypothesis that unliganded TR 
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may be a transcriptional activator, Matsushita et al. (Matsushita et al., 2007) re-evaluated the 
function of nTRE by deletion analysis of this promoter (Fig. 4) in the presence of Pit1, 
GATA2 and TR.  Unexpectedly, we found that repression of the TSHβ promoter by 
T3/TRβ2 was maintained after the nTRE is completely deleted or mutated. Thus, the 
reported nTRE (Fig. 4) is dispensable for T3/TR-dependent inhibition. Moreover, repression 
by T3/TR was also observed even in a deletion construct that has only Pit1-US and two 
GATA-REs. These findings suggest that direct DNA binding of TR is unnecessary and that 
the mechanism for T3-dependent inhibition may be mediated by the crosstalk of T3/TR 
with Pit1 or GATA2 (Matsushita et al., 2007).  
As mentioned above, the true activator that drives the TSH promoter is GATA2 but not 
Pit1 (Kashiwabara et al., 2009) and the deletion of SR enables GATA2 to transactivate the 
TSHβ promoter without Pit1. Using the reporter gene lacking for SR, Matsushita et al. 
(Matsushita et al., 2007) found that T3/TRβ2 inhibits the transactivation by GATA2 alone. 
Thus, GATA2 is thought to be the target of inhibition by T3/TR (Fig. 6).  This notion is 
supported by the observation that T3/TRβ2 inhibits GATA2-induced activation of the αGSU 
promoter and the endothelin-1 (ET-1) promoter, both of which are known to bear a 
functional GATA-RE (Jorgensen et al., 2004; Steger et al., 1994; Dorfman et al., 1992). In 
addition, T3/TR inhibited the CD34 gene-derived GATA-RE fused to a heterologous 
thymidine kinase promoter (Matsushita et al., 2007). Co-immunoprecipitation experiments 
and GST-pull down assays demonstrated that the DBD of TRβ2 interacts with the Zn finger 
domain of GATA2 in vivo in a T3-independent manner. Thus, the TR-DBD is involved in 
protein-protein interactions with GATA2 but not in direct binding of DNA (Matsushita et 
al., 2007). These results indicate that negative regulation of the TSHβ gene is mediated by 
tethering of T3/TR by GATA2 (Fig. 6).    

16. Ligand/receptor specificity in negative regulation of the TSHβ gene  
As discussed above, ligand/receptor specificity has been reported in ligand-dependent 
inhibition via the tethering mechanism (Caldenhoven et al., 1995; Liden et al., 1997). 
Matsushita et al. (Matsushita et al., 2007) found that GATA2-induced activity of the TSHβ 
promoter was specifically inhibited by T3/TR but not by RA/RAR or vitamins D3 
(VD3)/VDR. This may reflect ligand selectivity in vivo in negative regulation of the TSHβ 
gene (Cohen and Wondisford, 2005).  Of note, it is known that estrogen (E2) inhibits 
expression of the TSHβ gene (Cohen and Wondisford, 2005) at the transcriptional level, 
although its magnitude is smaller than that by T3. E2 is also known to reduce expression of 
the αGSU gene (Chaidarun et al., 1994; Shupnik et al., 1988), the promoter of which has a 
functional GATA-RE (Jorgensen et al., 2004; Steger et al., 1994). In agreement, the serum 
level of TSH in women has a tendency to elevate after the menopause (Nagayama et al., 
2008). To explore the molecular mechanism underlying inhibition by E2, Nagayama et al. 
(Nagayama et al., 2008) tested the effect of E2-bound ERα (E2/ERα) using CV1 cells 
cotransfected with Pit1 and GATA2, and found that E2/ERα significantly inhibits activity of 
the TSHβ promoter. As predicted, the magnitude of inhibition by E2/ERα was 
approximately half of that by T3/TRβ2. They also found that E2/ERα directly interacts with 
GATA2, as shown for GATA1. Testosterone was reported to have the effect similar to 
estrogen, presumably due to the conversion of testosterone to estrogen (Ahlquist et al., 
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1987). This may explain why elevation of serum TSH level is also found in aged men (Surks 
and Hollowell, 2007).  

17. The role of GATA2 and TR in TRH signaling in thyrotrophs 
TRH is processed from prepro-TRH and secreted from the hypothalamus (Fig. 1A). TRH 
signaling not only stimulates TSH secretion but also enhances expression of TSHβ and αGSU 
(Franklyn et al., 1986; Shupnik et al., 1986). To clarify the role of TRH-induced 
transactivation and T3/TR mediated inhibition in the hypothalamic-pituitary-thyroid (H-T-
P) axis, various in vivo studies, including genetic ablation of these genes, have been 
performed (Forrest et al., 1996; Friedrichsen et al., 2004; Gothe et al., 1999; Mittag et al., 2009; 
Nikrodhanond et al., 2006; Shibusawa et al., 2000). Although the in vivo evidence observed 
in these experiments is definitely important, the experimental system using cultured cells 
has the advantage that the effect of individual hormone can be analyzed in detail without 
influence by a negative feedback loop.  

17.1 TRH signaling-promoted TSHβ expression is mediated by GATA2 
Although serum TSH levels are reduced in patient with CPHD who have mutations in the 
Pit1 gene (Cohen and Radovick, 2002), the involvement of Pit1 downstream of TRH 
signaling has been controversial (Ohba et al., 2011; Steinfelder et al., 1992a; Steinfelder et al., 
1992b). Unfortunately, previous analyses have been performed without consideration of 
GATA2. Interestingly, the increase in TSHβ expression in hypothyroidism was impaired in 
mice with pituitary-specific ablation of the GATA2 gene (Charles et al., 2006). Because TRH 
synthesis in the hypothalamus is expected to increased in hypothyroidism (Fig. 1A) (Abel et 
al., 2001; Kakucska et al., 1992), this finding suggested the involvement of GATA2 in the 
TRH signaling pathway.  
Using CV1, GH3 and TαT1 cells, Ohba et al. (Ohba et al., 2011) recently reported that TRH 
signaling potentiates GATA2/Pit1-induced transcriptional activity of the TSHβ gene. 
Additionally, experiments with a TSHβ promoter that lacks SR revealed that GATA2 but not 
Pit1 is the target of TRH signaling (Fig. 6). Similar results were obtained with GATA2-
induced activation of the αGSU and ET-1 promoters. It is known that the signal from TRH 
receptor activates protein kinase C (PKC) (Gershengorn and Osman, 1996; Sun et al., 2003). 
The PKC pathway is also known to enhance DNA binding of GATA2 with GATA-RE in the 
αGSU (Fowkes et al., 2002) and the V-CAM1 promoters (Minami et al., 2003). Gel shift assays 
also suggested that DNA binding of GATA2 with the TSHβ promoter is facilitated by the 
TRH/PKC pathway (Ohba et al., 2011).  Thus, GATA-REs seem to be the point of 
convergence for both activation and inhibition signals controlling TSH transcription.  
Although it has been postulated that TRH signaling in transactivation of the TSHβ gene may 
be mediated by unliganded TR on nTRE (Wondisford et al., 1993), Ohba et al. (Ohba et al., 
2011) showed that unliganded TR without Pit1 or GATA2 failed to mediate the stimulating 
effect by TRH on this promoter and that reported nTRE (Fig. 4) is dispensable for activation 
of the TRH-induced transcription.  

17.2 TRH-dependent activation vs. T3/TR-induced repression 
The in vitro data demonstrated by Ohba et al. (Ohba et al., 2011) correlate well with the in 
vivo findings (Fig. 7).  
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and Hollowell, 2007).  

17. The role of GATA2 and TR in TRH signaling in thyrotrophs 
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Additionally, experiments with a TSHβ promoter that lacks SR revealed that GATA2 but not 
Pit1 is the target of TRH signaling (Fig. 6). Similar results were obtained with GATA2-
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αGSU (Fowkes et al., 2002) and the V-CAM1 promoters (Minami et al., 2003). Gel shift assays 
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17.2 TRH-dependent activation vs. T3/TR-induced repression 
The in vitro data demonstrated by Ohba et al. (Ohba et al., 2011) correlate well with the in 
vivo findings (Fig. 7).  
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Fig. 7. Schematic representation of transcriptional regulation of the TSHβ gene by TRH 
signaling and T3/TR. With support by Pit1, GATA2 maintains the basal transcription of the 
TSHβ gene and mediates TRH/TRH-R1 signaling in hypothyroidism, while unliganded TR 
alone is not a transcriptional activator. Inhibition by T3/TR is dominant over activation by 
GATA2 even in the presence of TRH signaling. The release of T3/TR-induced repression (a) 
is more crucial for TSHβ expression than TRH signaling (b) since the inhibition by T3/TR is 
dominant over the stimulation by TRH (c).  DNA binding of GATA2 with the TSHβ 
promoter is facilitated by the TRH pathway (b). 

First, they showed that as long as T3 is at low concentrations or absent, expression of the 
TSHβ gene is maintained by Pit1 and GATA2 without stimulation by TRH signaling (Fig. 
7(a)) (Gordon et al., 1997; Kashiwabara et al., 2009; Ohba et al., 2011). In agreement with this, 
the signaling and the number of TSHβ-positive cells in the pituitary of TRH-deficient mice 
were comparable with those of wild-type mice (Shibusawa et al., 2000). Second, given that 
unliganded TR is not a transcriptional activator, elevation of TSHβ expression in 
hypothyroidism should depend on TRH signaling but not on unliganded TR (Fig. 7(b)). 
Nikrodhanond et al. (Nikrodhanond et al., 2006) compared TSHβ expression in wild-type, 
TRH-, TRβ- and TRH/TRβ-double knockout mice and found that, in hypothyroidism, TSH 
expression predominantly depends on TRH signaling but not by unliganded TRβ. Since the 
authors regarded unliganded TRβ as the stimulator for the TSHβ gene, they mentioned that 
their findings were unexpected. However, their results are in agreement with the notion that 
unliganded TR is not the activator or mediator for the TSHβ gene in the absence or presence 
of TRH signaling. Finally, our data suggested that, in TSHβ transcription, the inhibitory 
effect by T3/TR is dominant over the TRH-induced stimulation (Fig. 7(c)) (Ohba et al., 2011). 
In accordance with this, an earlier study with human subjects indicated that continuous 
injection of TRH cannot release the inhibition of serum TSH in thyrotoxicosis (Chan et al., 
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1979). Taking advantage of the fact that the Pax8-null mouse is an excellent animal model 
for congenital hypothyroidism (Friedrichsen et al., 2004), Mittag et al. (Mittag et al., 2009) 
demonstrated that thyrotroph differentiation in Pax8/TRH-R double-knockout mice is 
comparable with that in the hypothyroidism of mice homologous for a Pax8-null allele. 
Their results support the notion that release of T3/TR-induced inhibition (Fig. 7(a) is more 
critical for TSHβ expression than TRH signaling (Fig. 7(b)) because inhibition by T3/TR is 
dominant over stimulation by TRH (Fig. 7(c)).  

18. Mechanism of T3/TR interference with GATA2 transactivating function 
Negative regulation of the TSHβ gene is expected to provide an excellent experimental 
model to study transcriptional regulation since this promoter is activated by TRH signaling 
and repressed by T3/TR (Fig. 6). An important next step would be to investigate how 
T3/TR interferes with the transactivation function of GATA2. As pointed out above, the 
involvement of RXRs, TR-related coactivator (p160) or co-repressors (NCoR, SMRT) has 
been controversial. We favor another possibility; that TR may regulate the function of 
GATA2-related cofactors in a T3-dependent manner.  
In pituitary-specific GATA2-null mice (Charles et al., 2006), the defect in TSHβ expression 
was partial and GATA3 expression was increased. Thus, GATA3 may be able to 
compensate for the reduction in GATA2 expression and there may be functional 
redundancy between GATA2 and GATA3. Amino acid homology between the Zn-finger 
domains of GATA1, GATA2 and GATA3 is well conserved (Fig. 5B) and plays a pivotal 
role in DNA recognition as well as cofactor interaction (Bates et al., 2008; Shimizu and 
Yamamoto, 2005). Consistent with this, our in vitro results show that GATA1, GATA2 and 
GATA3 have the capacity to mediate cooperation with Pit1 (Kashiwabara et al., 2009), 
TRH signaling-induced transactivation (Ohba et al., 2011) and inhibition by T3/TR 
(Matsushita et al., 2007). All these properties were also observed in the deletion mutant of 
GATA2 that lacks an N-terminal domain (GATA2-ZC) or a C-terminal domain (GATA2-
NZ) (Fig. 5B). These findings suggest a critical role of the Zn-finger domain in GATA2 
(GATA2-Zf) in TSHβ gene regulation. Besides CBP/p300, TR-associated protein (TRAP) 
220/MED1 and Friend of GATA (FOG) 1 or 2 are known to interact with this domain. Of 
course, there is the possibility that other unknown factors may play a critical role in 
negative regulation by T3/TR and that there is interplay among various histone 
modifications to achieve local control of TSHβ gene transcription. Although the chromatin 
immunoprecipitation (ChIP) assay is expected to provide important information, the 
amount of endogenous GATA2 in TαT1 cells may not be sufficient for this approach 
(Ohba et al., 2011). 

18.1 TRAP220/MED1 and Mediator complex 
TRAP220/MED1 is a constituent of the Mediator complex that directly regulates the 
function of RNA polymerase II (Pol II) (Fig. 6) (Chadick and Asturias, 2005). The following 
findings indicate the involvement of TRAP220/MED1 in transactivation by the GATAs (Fig. 
6). First, in vitro experiments show that TRAP220/MED1 interacts with GATA2-Zf (Gordon 
et al., 2006). Second, homozygous TRAP220/MED1-null mice are embryonic lethal due to an 
abnormality in cardiac function and its phenotype is reminiscent of that observed in mice 
deficient for the GATA family transcription factors (Crawford et al., 2002). Third, expression 
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1979). Taking advantage of the fact that the Pax8-null mouse is an excellent animal model 
for congenital hypothyroidism (Friedrichsen et al., 2004), Mittag et al. (Mittag et al., 2009) 
demonstrated that thyrotroph differentiation in Pax8/TRH-R double-knockout mice is 
comparable with that in the hypothyroidism of mice homologous for a Pax8-null allele. 
Their results support the notion that release of T3/TR-induced inhibition (Fig. 7(a) is more 
critical for TSHβ expression than TRH signaling (Fig. 7(b)) because inhibition by T3/TR is 
dominant over stimulation by TRH (Fig. 7(c)).  
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Negative regulation of the TSHβ gene is expected to provide an excellent experimental 
model to study transcriptional regulation since this promoter is activated by TRH signaling 
and repressed by T3/TR (Fig. 6). An important next step would be to investigate how 
T3/TR interferes with the transactivation function of GATA2. As pointed out above, the 
involvement of RXRs, TR-related coactivator (p160) or co-repressors (NCoR, SMRT) has 
been controversial. We favor another possibility; that TR may regulate the function of 
GATA2-related cofactors in a T3-dependent manner.  
In pituitary-specific GATA2-null mice (Charles et al., 2006), the defect in TSHβ expression 
was partial and GATA3 expression was increased. Thus, GATA3 may be able to 
compensate for the reduction in GATA2 expression and there may be functional 
redundancy between GATA2 and GATA3. Amino acid homology between the Zn-finger 
domains of GATA1, GATA2 and GATA3 is well conserved (Fig. 5B) and plays a pivotal 
role in DNA recognition as well as cofactor interaction (Bates et al., 2008; Shimizu and 
Yamamoto, 2005). Consistent with this, our in vitro results show that GATA1, GATA2 and 
GATA3 have the capacity to mediate cooperation with Pit1 (Kashiwabara et al., 2009), 
TRH signaling-induced transactivation (Ohba et al., 2011) and inhibition by T3/TR 
(Matsushita et al., 2007). All these properties were also observed in the deletion mutant of 
GATA2 that lacks an N-terminal domain (GATA2-ZC) or a C-terminal domain (GATA2-
NZ) (Fig. 5B). These findings suggest a critical role of the Zn-finger domain in GATA2 
(GATA2-Zf) in TSHβ gene regulation. Besides CBP/p300, TR-associated protein (TRAP) 
220/MED1 and Friend of GATA (FOG) 1 or 2 are known to interact with this domain. Of 
course, there is the possibility that other unknown factors may play a critical role in 
negative regulation by T3/TR and that there is interplay among various histone 
modifications to achieve local control of TSHβ gene transcription. Although the chromatin 
immunoprecipitation (ChIP) assay is expected to provide important information, the 
amount of endogenous GATA2 in TαT1 cells may not be sufficient for this approach 
(Ohba et al., 2011). 

18.1 TRAP220/MED1 and Mediator complex 
TRAP220/MED1 is a constituent of the Mediator complex that directly regulates the 
function of RNA polymerase II (Pol II) (Fig. 6) (Chadick and Asturias, 2005). The following 
findings indicate the involvement of TRAP220/MED1 in transactivation by the GATAs (Fig. 
6). First, in vitro experiments show that TRAP220/MED1 interacts with GATA2-Zf (Gordon 
et al., 2006). Second, homozygous TRAP220/MED1-null mice are embryonic lethal due to an 
abnormality in cardiac function and its phenotype is reminiscent of that observed in mice 
deficient for the GATA family transcription factors (Crawford et al., 2002). Third, expression 
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of the TSHβ gene is reduced in heterozygous TRAP220/MED-knockout mice (Ito et al., 
2000), suggesting that TRAP220/MED1 is required for expression of the TSHβ gene, which 
is GATA2-dependent. Interestingly, TRAP220/MED1 possesses two LXXLL motives, which 
functions as an interface for interaction with the TR-LBD in a T3-dependent manner. Mutant 
TRAP220/MED1, which only has two LXXLL motives but lacks other transactivation 
domains, is reported to function as a dominant negative inhibitor against wild-type 
TRAP220/MED1 in T3-dependent positive regulation via TR-RXR heterodimers on the 
pTRE (Yuan and Gambee, 2000). Matsushita et al. (Matsushita et al., 2007) found that mutant 
MED1/TRAP220 also attenuates T3-induced inhibition of the TSHβ gene. It was reported 
that mutant TRAP220/MED1 specifically interferes with the activity of wild-type 
TRAP220/MED1 but not other LXXLL-type co-activators including the p160 family and 
CBP/p300 (Acevedo and Kraus, 2003). Thus, there is the possibility that TR may regulate the 
activity of a complex containing GATA2 and TRAP220/MED1 in a T3-dependent fashion. 
Given that inhibition by T3/TR targets the final step of GATA2-induced transactivation, i.e. 
TRAP220/MED1-Pol II complex, repression might occur downstream of or at the same 
point as TRH-induced activation. This may account for the findings that inhibition by 
T3/TR is dominant over TRH-induced activation of the TSHβ gene (Mittag et al., 2009; Ohba 
et al., 2011). In vivo experiments with mouse embryonic fibroblasts showed that the 
requirement of TRAP220/MED1 may be specific to TR, but not to RAR or VDR (Ito et al., 
2000). Intriguingly, the binding of different activators triggers a specific conformational 
change in the Mediator complex, which may have a critical role in the regulation of Pol II 
(Chadick and Asturias, 2005).  

18.2 FOG2 and chromatin-remodeling factors 
The co-repressor, friend of GATA (FOG) 1 or 2 (Cantor and Orkin, 2005) may be involved in 
T3/TR-induced negative regulation via GATA2. FOG1 and FOG2 interact with the N-
terminal Zn finger of the GATAs and recruit chromatin-remodeling factors (Fig. 6) (Hong et 
al., 2005; Roche et al., 2008; Rodriguez et al., 2005). In addition, FOG2 is expressed in non-
hematopoietic tissues and interacts with TRβ (Rouf et al., 2008) and other NHRs (Clabby et 
al., 2003; Huggins et al., 2001). Matsushita et al. (Matsushita et al., 2007) generated a mutant 
GATA2 (C295A) which is predicted to have impaired interaction with the FOGs. Although 
the basal transcriptional activity of this mutant was also reduced (by approximately half) 
compared with wild-type GATA2, inhibition by T3/TR (fold repression) was significantly 
relieved in mutant GATA2.  

19. Molecular mechanism of SITSH in RTH 
As described above, patients with RTH exhibit SITSH (Refetoff et al., 1993). The mutant TRβ 
found in RTH patients is supposed to interact with GATA2 because it has an intact DBD, 
which is the interface for the Zn-finger domain of GATA2. Nakano et al. (Nakano et al., 
2004) tested whether mutant TRβ2s identified in RTH patients exhibit a dominant negative 
effect on the negative regulation of the TSHβ gene using CV1 cells cotransfected with Pit1, 
GATA2 and wild-type TRβ2. As predicted, mutant TRβ2s blunted the T3-induced inhibition 
of the TSHβ gene by wild-type TRβ2. Although these findings are likely to be the result of 
dominant-negative interference of wild-type TRβ function by mutant TRβ, further studies 
are required with regard to its molecular mechanism. Following questions also remain. First, 
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in patients with non-TR RTH (see above), no genetic abnormalities in the TRβ or TRα genes 
have been identified. Although linkage analysis of these patients showed no relation with 
NCoR, SMRT, SRC-1 or RXRγ (Reutrakul et al., 2000), an understanding of the 
transcriptional control mechanisms underlying non-TR RTH may provide an insight into the 
molecular basis of negative regulation of the TSHβ gene. Second, RTH is clinically classified 
as a generalized resistance to thyroid hormone (GRTH) and resistance of the pituitary to 
thyroid hormone (PRTH) (Refetoff et al., 1993). Patients with PRTH possess mutations 
similar or identical to those found in GRTH; however, PRTH patients display greater 
resistance to thyroid hormone in thyrotrophs compared to peripheral tissues, resulting in 
thyrotoxicosis. Currently, the mechanism of pituitary-dominant resistance in PRTH is 
unknown (Nakano et al., 2004).  

20. Mechanism of logarithmic alterations in serum TSH by linear changes of 
T3/T4  
TSH synthesis in the pituitary is dramatically altered by subtle changes in serum T3 and T4. 
Indeed, linear changes in the concentration of serum T4 and T3 correspond to logarithmic 
changes in serum TSH (Fekete and Lechan, 2007; Fisher et al., 2000; Kakucska et al., 1992). 
Such a sensitive alteration of TSHβ expression may be necessary for thyroid hormone 
homeostasis (Fig. 1A) because TSH signaling is thought to be one of the most critical 
determinants of T3 and T4 synthesis in the thyroid gland. In other words, serum TSH level 
has been regarded as most sensitive clinical marker for thyroid gland function. Indeed, 
SITSH is an important indicator for RTH.   
With regard to the molecular mechanism of logarithmic changes in serum TSH, there are the 
following possibilities. First, T3/TR negatively regulates not only TSHβ and αGSU but also the 
prepro-TRH gene (Fig. 1A). Thus, the dual inhibitory mechanism at the hypothalamus and the 
pituitary may be important for the non-linear change of serum TSH level. Second, Pit1 
expression may be negatively regulated by T3 (Sanchez-Pacheco et al., 1995). Because this was 
found in a somatotroph cell line, GH3 (Ooi et al., 2004), which lacks endogenous GATA2 
(Gordon et al., 1997), an unknown pituitary factor may be involved in this inhibition. Third, 
expression of GATA2 in thyrotrophs may also be negatively regulated by T3. It was reported 
that there are two promoters in the GATA2 gene, and that the distal one contains a GATA-RE 
(Kobayashi-Osaki et al., 2005). Therefore, there may be a positive feedback mechanism in the 
expression of GATA2 and this mechanism is thought to be crucial in the differentiation of 
hematopoietic cell lineages. There is the possibility that, in thyrotrophs, T3/TR may interfere 
with the transactivation function of GATA2 not only on the TSHβ promoter but also on the 
GATA2 promoter. In addition, GATA2 protein may be quickly degraded by the ubiquitin 
system (its half life is approximately 30 min) (Minegishi et al., 2005). This may also contribute 
the drastic regulation of serum TSH level. Finally, there is the possibility that T3-induced 
inhibition of prepro-TRH expression in the hypothalamus may also be logarithmic (Fekete and 
Lechan, 2007; Kakucska et al., 1992). Although an nTRE was postulated in the prepro-TRH 
promoter (Hollenberg et al., 1995), the molecular mechanism of logarithmic inhibition of 
prepro-TRH expression by T3 is unknown.   
The diagnoses of both subclinical hypo- and subclinical hyper-thyroidism also depend on 
the sensitive change in serum TSH level.  Although serum free T3 and T4 levels are within 
normal range, subclinical hypo- or hyperthyroidism influence lipid metabolism (Walsh et 
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GATA2 promoter. In addition, GATA2 protein may be quickly degraded by the ubiquitin 
system (its half life is approximately 30 min) (Minegishi et al., 2005). This may also contribute 
the drastic regulation of serum TSH level. Finally, there is the possibility that T3-induced 
inhibition of prepro-TRH expression in the hypothalamus may also be logarithmic (Fekete and 
Lechan, 2007; Kakucska et al., 1992). Although an nTRE was postulated in the prepro-TRH 
promoter (Hollenberg et al., 1995), the molecular mechanism of logarithmic inhibition of 
prepro-TRH expression by T3 is unknown.   
The diagnoses of both subclinical hypo- and subclinical hyper-thyroidism also depend on 
the sensitive change in serum TSH level.  Although serum free T3 and T4 levels are within 
normal range, subclinical hypo- or hyperthyroidism influence lipid metabolism (Walsh et 
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al., 2005b) and cardiovascular function (Walsh et al., 2005a).  In their pathogeneses, there 
may be the abnormality in the transcription of the gene which is negatively regulated by T3 
as robustly as the TSH gene.   

21. Other genes negatively regulated by T3/TR 
Microarray analyses revealed that approximately 30 to 50% of T3-target genes are negatively 
regulated (Feng et al., 2000; Weitzel, 2008). Therefore, elucidation of negative regulation by 
T3 is thought to be the next frontier.  

21.1 Reported nTREs in other T3-negatively regulated genes 
In addition to the TSHβ gene, negative regulation by T3/TR has been reported in the genes for 
αGSU (Chatterjee et al., 1989; Pennathur et al., 1993), MHCβ (Edwards et al., 1994; Wright et al., 
1999), prepro-TRH (Hollenberg et al., 1995; Satoh et al., 1996), RSV-LTR (Saatcioglu et al., 1993), 
rat Na, K-ATPase α3 subunit (Chin et al., 1998), Nm23-H1 (Lin et al., 2000), phospholamban 
(PBL) (Belakavadi et al., 2010), rat CD44 (Kim et al., 2005), superoxide dismutase-1 (Santos et al., 
2006), deiodinase type 2 (Dio2) (Christoffolete et al., 2006) and β-amyloid precursor protein 
(Villa et al., 2004). In some of these genes, the existence of single half-sites homologous to the 
TSHβ nTRE have also been postulated (Chatterjee et al., 1989; Chin et al., 1998; Edwards et al., 
1994; Hollenberg et al., 1995; Kim et al., 2005; Lin et al., 2000; Pennathur et al., 1993; Saatcioglu et 
al., 1993; Santos et al., 2006; Villa et al., 2004; Wright et al., 1999). However, there are few 
experimental studies that show the molecular mechanism by which these putative nTREs 
reverse the function of T3/TR from transcriptional activator to repressor. In TRβ- and/or TRα1-
deficient mice, the expression of αGSU (Forrest et al., 1996; Gothe et al., 1999) in the pituitary, 
prepro-TRH in the hypothalamus (Abel et al., 2001; Dupre et al., 2004) and MHCβ in the heart 
(Mansen et al., 2001) are maintained, suggesting that, as in the case of the TSHβ gene, the basal 
activities of these genes are also maintained by a transcriptional activator other than unliganded 
TR. Thus, existence of nTREs in these genes should also be reconsidered.   

21.2 Possible involvement of the tethering mechanism 
If T3-dependent inhibition of these genes occurs via a tethering mechanism between a DNA-
binding transcription factor and T3/TR, identification of such a transcription factor may 
provide an insight into the molecular mechanism of T3-induced inhibition. As discussed 
above, a functional GATA-RE in the αGSU promoter may be the target of suppression by 
T3/TR. GATA-REs are also predicted in the promoters of Dio2 (Dentice et al., 2003), MHCβ 
(Hasegawa et al., 1997; Morimoto et al., 1999) and PBL (Belakavadi et al., 2010). Dio activity 
in the thyrotrophs regulates the intracellular concentration of T3, which is the determinant 
of negative regulation of the TSHβ gene (Escobar-Morreale et al., 1996). Although Dio1 and 
Dio2 are expressed in thyrotrophs, the inhibitory effect on TSH by T3 was relieved in mice 
deficient for Dio2 but not Dio1 (St Germain et al., 2005), indicating the crucial role of Dio2 in 
the regulation of T3 concentration in the thyrotroph. Further studies may clarify the role of 
the predicted GATA-RE in the Dio2 promoter (Dentice et al., 2003) and the complexity of the 
T3 sensing mechanism in regulation of the TSHβ gene (Christoffolete et al., 2006). Although 
it was previously reported that the GATA-RE in the MHCβ gene plays a role in its 
transcriptional activity (Hasegawa et al., 1997; Morimoto et al., 1999), other investigators 
suggested that it may not be functional (Vyas et al., 1999). Another study of the MHCβ 
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promoter using rat neonatal cardiomyocytes suggests that the M-CAT site in this promoter 
is critical for its expression (Flink et al., 1992). M-CAT is the recognition site for the TEF 
family of transcription factors (Yoshida, 2008). TEF family transcription factors are the major 
target of α1 adrenaline signaling (Chen et al., 2004), which is known to mimic the cardiac 
phenotype seen in heart failure (Yoshida, 2008). Consistently, overexpression of TEF-1 in 
vivo exhibits a phenotype similar to that of chronic heart failure (Tsika et al., 2010). Our 
preliminary data suggests that T3/TR inhibits TEF-dependent transactivation of the MHCβ 
gene.  

22. Negative regulation by liganded NHRs other than TR  
A tethering mechanism has been reported in genes that are negatively regulated by liganded 
NHRs other than T3/TR. For example, the proopiomelanocortin (POMC) gene is activated 
by a transcription factor, Nur77, which is also the mediator of corticotropin-releasing 
hormone (CRH) signaling (Maira et al., 2003). Liganded GR interferes with this activity via a 
tethering mechanism (Martens et al., 2005). Moreover, a recent report suggested the 
involvement of chromatin remodeling factors in inhibition of the POMC gene by liganded 
GR (Bilodeau et al., 2006). Expression of parathyroid hormone (PTH) is inhibited by 
liganded VDR. PTH expression is maintained in the mice deficient for the VDR gene (Kim et 
al., 2007), suggesting that unliganded VDR is not the transcriptional activator for the PTH 
gene.  A DNA-binding transcription factor, VDR interacting repressor (VDIR), binds with 
the promoter region of the PTH gene and activates its transcription (Kim et al., 2007). It was 
reported that VDR associates with VDIR (Kim et al., 2007; Murayama et al., 2004), resulting 
in VD3-dependent inhibition. A tethering mechanism between liganded VDR and VDIR also 
plays a role in negative regulation of human 1α(OH)ase (CYP27B1) expression by VD3 
(Murayama et al., 2004). In this scenario, a chromatin remodeling factor complex (Kitagawa 
et al., 2003), and a DNA methylation-related proteins (Kim et al., 2009) may play crucial 
roles.  

23. Conclusion 
Negative feedback is the key component in homeostasis of hormones. A typical example is 
the inhibition of TSH synthesis by T3/TR. Although serum TSH levels are increased in 
hypothyroidism, observations in TR-knockout mice (Forrest et al., 1996; Gothe et al., 1999), 
human subjects with a deletion of the TRβ gene (Takeda et al., 1992) and in vitro experiments 
(Nakano et al., 2004) provide evidence that unliganded TR is not a transcriptional activator 
(Fig. 7). Moreover, deletion analysis of the TSHβ gene with co-expression of GATA2 and 
Pit1 revealed that a putative nTRE (Fig. 4) is dispensable for inhibition by T3/TR 
(Matsushita et al., 2007). Study of the TSHβ gene suggests the importance of a transcription 
factor that maintains the basal transcriptional activity of the promoter before ligand addition 
(Fig. 7). Identification of the factor required for the basal promoter activity may also be 
important and the first step in the analysis of other promoters that are repressed by T3/TR 
or other liganded NHRs.  The factor may interact with NHRs.  Once such a transcription 
factor is identified, it will be possible to study negative regulation using cells that express 
the factor and to carry out reporter analysis with co-transfection of its expression plasmid. 
For example, it will be possible to compare the mechanisms of positive and negative 
regulation using same cell line, for instance CV1 (Nakano et al., 2004).  Information of the 
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factor required for the basal promoter activity would be helpful to avoid artificial negative 
regulation mediated by plasmid backbones (for example a pUC/pBR322-derived AP-1 site 
or firefly luciferase cDNA).  We are only just beginning to unravel some of complexities 
involved in negative regulation by liganded NHR including T3/TR.   
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1. Introduction 
The thyroid nodules constitute an important diagnostic problem mainly because various 
benign lesions must be distinguished from malignant neoplasms. This problem is of 
particular importance in endemic and postendemic areas where there are a lot of patients 
with multiple thyroid nodules. In such areas the majority of thyroid lesions is non-
neoplastic and develop usually when diffuse goitre transforms into nodular one 
(Laurberg et al;. 2010, Słowińska-Klencka et al., 2002, 2008). Other non-neoplastic thyroid 
lesions may develop due to thyroiditis (acute thyroiditis, de Quervain disease, and 
autoimmune chronic thyroiditis). The frequency of revealing thyroid cancer – in 
comparison to malignancies in other organs – is relatively low. On the other hand, it is the 
most common cancer of endocrine glands, and the incidence of thyroid cancer is 
continuously increasing (Hughes et al., 2011; Sipos & Mazzaferri, 2010). This increase is 
partly related to the improvements to efficacy of preoperative diagnostics, but whatever is 
the nature of the observed higher incidence of the thyroid cancer it focuses the interests of 
physicians. It should be stressed that epidemiological assessments based on clinical data 
do not reflect the true incidence of the thyroid cancer, as it is found in as much as 30% of 
cadavers if the thyroid is serially examined during autopsy (Fukanaga & Yatani, 1975; 
Harach et al., 1985). In majority of such cases these cancers are subclinical papillary 
microcancers (with diameters below 10 mm) that are usually not diagnosed in alive 
patients. However, recently it has been shown that cytological examination of small 
thyroid lesions reveals invasive cancers (with the presence of cancer cells in lymph nodes 
and infiltration of the thyroid capsule) with a surprisingly high frequency (Chow et al. 
2003; Kang et al., 2004; E.K. Kim et al., 2002; Lin et al., 2005; Nam-Goong et al., 2004; 
Papini et al., 2002, Słowińska-Klencka et al., 2008).  

2. Influence of iodine supply on epidemiology of the thyroid lesions 
Thyroid nodules can be revealed by palpation in 4–7% of adult patients in the areas of 
sufficient iodine supply, and in 10–15% in the areas of mild to moderate iodine deficiency 
(Hegedűs 2004; Knudsen et al., 2000; Tunbridge et al., 1977). The use of ultrasound (US) 
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Thyroid nodules can be revealed by palpation in 4–7% of adult patients in the areas of 
sufficient iodine supply, and in 10–15% in the areas of mild to moderate iodine deficiency 
(Hegedűs 2004; Knudsen et al., 2000; Tunbridge et al., 1977). The use of ultrasound (US) 
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imaging raises ten times the rate of discovering thyroid lesions in comparison with 
palpatory examination (Ezzat et al., 1994; Tan et al., 1995). Many of these lesions do not 
exceed 10 mm in diameter. That increase poses diagnostic challenges particularly in 
endemic areas or areas with newly corrected iodine supply. We showed that, in such an 
area, focal lesions were found in the thyroid glands of nearly 80% of the examined patients, 
and the frequency of multinodular goitre, irrespective of the size of lesions, was 
considerably high – above 77%. Between infracentimetric nodules, found in more than 40% 
of all examined persons, the percentage of multiple lesions was even higher – above 80% 
(Słowińska-Klencka et al., 2008). This constitutes a major difference in comparison with 
countries with high iodine supply, where the thyroid lesions more frequently occur as single 
nodules (Feldt-Rasmussen, 2001; Frates et al. 2006; D.L. Kim 2008; E.K. Kim et al., 2002; 
Słowińska-Klencka et al., 2002). 
The differences in iodine supply influence also the incidence of various pathological lesions 
in the thyroid (Laurberg et al. 2010). In endemic areas patients with nodular goitre and 
follicular neoplasms predominate. The introduction of iodine prophylaxis is related to a 
gradual decline in the occurrence of non-neoplastic nodular goitre as well as of follicular 
neoplasms; on the other hand, papillary cancer is diagnosed more frequently (Feldt-
Rasmussen, 2001; Lind et al., 1998; Schmid 1989; Słowińska-Klencka et al., 2002; Solymosi et 
al., 2002). It should be remembered that the observed increase in the relative frequency of 
papillary carcinoma is partly attributed to the improving effectiveness of routine 
preoperative and postoperative morphological diagnostics that usually parallels 
introduction of iodine prophylaxis. It leads to more frequent revealing of papillary 
microcarcinoma and proper diagnosing of the follicular variant of papillary carcinoma 
without erroneous classification of such tumours into follicular carcinomas. The data from 
Sweden do not suggest any enhancing effect of iodisation on papillary carcinoma, since the 
increases in the incidence of such type of cancer were similar in both iodine-deficient and 
iodine-sufficient areas (Petteersson et al., 1996). Moreover, the correction of iodine 
deficiency rates virtually coincided in highly developed countries with the spread of thyroid 
ultrasound and biopsy, which have made diagnosis of clinically silent thyroid carcinoma 
more frequent. Thus, even though the incidence of thyroid carcinoma rose, the prognosis 
has significantly improved due to a shift towards differentiated forms of thyroid carcinomas 
that are diagnosed at earlier stages (Feldt-Rasmussen, 2001).  
On the other hand, countries with high iodine supply are characterised by higher 
incidence of the thyroid autoimmune diseases, and especially of chronic thyroiditis. Our 
studies, carried to monitor side-effects of the introduction of iodine prophylaxis in 
Poland, showed that the occurrence of autoimmune stigmata in thyroid cytological 
smears were gradually increasing as iodine prophylaxis became more effective (Fig. 1) 
(Słowińska-Klencka et al., 2002; 2006). Similar observations were reported in a study from 
Greece by Doufas et al., (1999) and from Argentina by Harach & Williams (1995) 
(although during much longer intervals before and after introduction of iodine 
prophylaxis). It is believed that iodine intake might modulate the activity (and/or clinical 
expression) of thyroid autoimmune diseases in genetically susceptible individuals, but 
there is no evident proof that the amount of iodine intake - at least when in the range 
between iodine deficiency and full physiological doses - is involved in the de novo 
triggering of thyroid autoimmunity.  
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Fig. 1. The occurrence of chronic thyroiditis in cytological results in years 1992-2010 in one 
diagnostics centre in Poland. House-hold salt iodization was initiated in early 90’s and in 
1997 obligatory model of iodine prophylaxis (30 mg KI/kg of salt) was introduced.  

3. Basic rules for diagnosing thyroid nodules 
The need for an effective differential diagnostics of focal lesions in the thyroid comes from 
the necessity of an early diagnosis of thyroid cancer that even as a small lesion may show 
extrathyoidal invasiveness. The basic examination used for that purpose is fine-needle 
aspiration biopsy (FNAB). During the past years, many reports have been published 
indicating the usefulness of FNAB in the diagnosis of thyroid nodules. Fine-needle 
aspiration biopsy is a quick and, at the same time, the most sensitive examination in 
diagnosing thyroid nodules. The main advantages of FNAB are: the possibility of selecting 
patients for prompt surgical treatment, low invasiveness, and relatively low cost of 
examination (Faquin et al. 2011; Gharib et al., 2010; Lewis et al. 2009; Seningen et al., 2011). 
The management of thyroid nodule is usually based on cytological result which should 
always be interpreted together with other clinical data, mainly those related to the risk of 
cancer in the nodule. The clinical indications of the increased risk of cancer include: 
presence of hard painless nodule with diminished mobility (especially if the nodule causes 
hoarseness, dysphagia or dyspnoea), quick growth of the lesion as well as enlargement of 
the lymph nodes in the neck (Gharib et al., 2010; Wada et al., 2003). There are also other 
features of some importance in clinical suspicion of malignancy in a nodule: male sex, 
patient’s age below 15-20 or above 60-70, history positive for neck irradiation or prolonged 
hyperstimulation of the thyroid with TSH (Belfiore et al., 1992; Hegedűs 2004; Kumar et al.; 
1999; Samann et al., 1987; Schneider & Sarne, 2005). Familial history of thyroid cancer is of 
particular importance in relation to medullary cancer (MTC) as well as papillary cancer 
(PTC) (Kloos et al., 2009; Nose, 2011; Stoffer et al., 1986). The diagnosis of chronic thyroiditis 
is also of importance as it is considered to facilitate development of lymphoma of the 
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Fig. 1. The occurrence of chronic thyroiditis in cytological results in years 1992-2010 in one 
diagnostics centre in Poland. House-hold salt iodization was initiated in early 90’s and in 
1997 obligatory model of iodine prophylaxis (30 mg KI/kg of salt) was introduced.  

3. Basic rules for diagnosing thyroid nodules 
The need for an effective differential diagnostics of focal lesions in the thyroid comes from 
the necessity of an early diagnosis of thyroid cancer that even as a small lesion may show 
extrathyoidal invasiveness. The basic examination used for that purpose is fine-needle 
aspiration biopsy (FNAB). During the past years, many reports have been published 
indicating the usefulness of FNAB in the diagnosis of thyroid nodules. Fine-needle 
aspiration biopsy is a quick and, at the same time, the most sensitive examination in 
diagnosing thyroid nodules. The main advantages of FNAB are: the possibility of selecting 
patients for prompt surgical treatment, low invasiveness, and relatively low cost of 
examination (Faquin et al. 2011; Gharib et al., 2010; Lewis et al. 2009; Seningen et al., 2011). 
The management of thyroid nodule is usually based on cytological result which should 
always be interpreted together with other clinical data, mainly those related to the risk of 
cancer in the nodule. The clinical indications of the increased risk of cancer include: 
presence of hard painless nodule with diminished mobility (especially if the nodule causes 
hoarseness, dysphagia or dyspnoea), quick growth of the lesion as well as enlargement of 
the lymph nodes in the neck (Gharib et al., 2010; Wada et al., 2003). There are also other 
features of some importance in clinical suspicion of malignancy in a nodule: male sex, 
patient’s age below 15-20 or above 60-70, history positive for neck irradiation or prolonged 
hyperstimulation of the thyroid with TSH (Belfiore et al., 1992; Hegedűs 2004; Kumar et al.; 
1999; Samann et al., 1987; Schneider & Sarne, 2005). Familial history of thyroid cancer is of 
particular importance in relation to medullary cancer (MTC) as well as papillary cancer 
(PTC) (Kloos et al., 2009; Nose, 2011; Stoffer et al., 1986). The diagnosis of chronic thyroiditis 
is also of importance as it is considered to facilitate development of lymphoma of the 
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thyroid. Some investigators also believe that chronic thyroiditis is related to higher risk of 
papillary cancer (Azizi et al., 2011; Boi et al., 2005; Gul et al., 2010; Mukasa et al., 2011; 
Ruggiero et al., 2005; Shih et al., 2008; Singh et al., 1999; Słowińska-Klencka et al., 2006). 
For proper interpretation of cytological smears it is also necessary to analyse the thyroid 
function and possible antithyroid treatment, as well as other laboratory results (like 
calcitonin serum concentration). Imaging examinations and oncological history (with 
possible chemo- and radiotherapy) should also be considered (Słowińska-Klencka et al., 
Gharib et al, 2010).  

4. Role of ultrasound imaging in diagnostics of thyroid nodules 
The thyroid ultrasonography (US) is the most common imaging examination of the gland. It 
allows to determine the precise size of the thyroid and to reveal non-palpable focal lesions. 
Despite of this, according to endocrine societies (American Thyroid Association – ATA, 
American Association of Clinical Endocrinologists – AACE and European Thyroid 
Association – ETA) guidelines, US is not recommended as a screening examination for 
patients without clinical data for the increased risk of cancer or clinical suspicion for any 
thyroid disease (Gharib et al, 2010).  
Until recently, US was used in Europe more frequently than in the United States, and 
similarly US was more commonly used in Europe as a support to FNAB (Bennedbæk, 1999; 
Bennedbæk & Hegedűs 2000; Bonnema et al., 2000, 2002). At present it is proved that US 
assistance improves the diagnostic efficiency of FNAB in relation to both small and large, 
palpable lesions (Cesur et al., 2006). US allows to detect features suggestive of malignant 
growth and select the lesions to be recommended for FNAB. It also makes it possible to 
select the area of lesion optimal for FNAB (i.e. solid part free of areas of necrosis) and to 
choose the right gauge and length of the biopsy needle (Gharib et al., 2010). Because of its 
low invasiveness and possibility of multiple repeating in a patient, US is also useful for the 
assessment of goitre treatment effectiveness (both surgical and conservative) (Quadbeck et 
al., 2002). US examination is also used for diagnosing developmental disorders of the 
thyroid. In the cases of thyroid malignancy it allows to assess the completeness of 
thyroidectomy and the presence of possible local recurrence, as well as to control local 
lymph nodes (Frasoldati et al., 2003; Gharib et al., 2010; Hegedűs, 2001; Rago et al., 1998; 
Wong & Ahuja, 2005). It should be stressed that US does not allow by itself to differentiate 
between benign and malignant thyroid lesions (Gharib et al., 2010; Hegedűs, 2001). 

4.1 Role of ultrasound imaging in selection of thyroid lesions for FNAB – A new 
approach  
The precise indications for FNAB of thyroid lesions are still being investigated. The main 
criteria considered include sonographic features of nodules like the size, shape and 
echogenicity of lesions, the vascular pattern in Doppler imaging, the presence of 
microcalcifications and appearance of lesion’s borders (Alexander et al., 2004; Frates et al., 
2005; Gharib et al., 2010; Nam-Goong et al., 2004; Papini et al., 2002; 12–16; Tae et al., 2007). 
Current recommendations on the diagnostics of thyroid nodules take into consideration the 
similar frequency of revealing thyroid cancer  in FNAB of small vs. large nodules (Berker et 
al., 2008; Nam-Goong et al., 2004; Papini et al., 2002), palpable vs. non-palpable nodules 
(Papini et al., 2002; Popowicz et al., 2009; Hagag et al., 1998) as well as solitary vs. multiple 
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nodules (Belfiore et al., 1992; Frates et al., 2006). In consequence, the recommendations focus 
on US features related to the increased risk of malignancy, and not on the size nor 
palpability of the nodule, which were important criteria in the previous recommendations.  
Interestingly, attention is paid to US features allowing to identify invasive cancers including 
those growing in very small lesions. Some recent papers have brought convincing data on 
the high percentage of carcinomas (some of them with extrathyroidal invasion) in small 
lesions subjected to FNAB (Kang et al., 2004; E.K. Kim et al., 2002; S.J. Kim et al., 2003; 
Leenhardt et al., 1999; Lin et al., 2005; Nam-Goong et al., 2004; Papini et al., 2002). The 
majority of these reports come from the countries with natural high iodine supply (Japan, 
Korea) or those with long-established iodine prophylaxis. However, our data from the post-
endemic region confirm these observations. In our material, the frequency of revealed small 
and large cancers was proportional to the frequency of the biopsied nodules of each size 
class, and approx. 1/3 of cytologically revealed thyroid microcancers metastasized to lymph 
nodes (Słowińska-Klencka et al., 2008).  
Analysis of the reported studies justifies division of the known US features suggestive of 
malignancy into 2 groups of high and low specificity. 
The highly specific US features in selection of thyroid lesions for FNAB include: 
1. features of metastasis in the lymph nodes; 
2. features of the thyroid capsule (or neighbouring organs) invasion;  
3. microcalcifications (small, intranodular, punctate, hyperechoic spots with scanty or no 

posterior acoustic shadowing).  
The features of lower specificity include: 
1. irregular or microlobulated margins; 
2. more tall (anteroposterior) than wide (transverse) shape; 
3. marked hypoechogenicity; 
4. chaotic arrangement or intranodular vascular images. 
It should be stressed that the assessment of these features is yet not enough standardized, 
and because of their qualitative or semi-quantitative nature their reproducibility is not 
satisfactory (especially when sonographer lacks experience).  
According to our observations and some other studies, there are differences in sensitivity 
and specificity of these features in respect of nodule size (Popowicz et al., 2008; Mazzaferri 
& Sipos, 2008). The influence of epidemiological situation (mainly iodine supply) on the 
specificity and sensitivity of these features is also underestimated.  
The most sensitive feature of malignancy is hypoechogenicity, both for small and large 
lesions. Unfortunately, the specificity of this feature is low, especially in small nodules – 
majority of benign lesions (especially the small ones) is hypoechoic (Moon et al., 2008; 
Cappelli et al., 2006, 2007; Chan et al., 2003; Frates et al., 2005; 2006; E.K. Kim et al., 2002; 
Leenhardt et al., 1999; Lyshchik et al., 2005; Nam-Goong et al., 2004; Papini et al., 2002). 
Interestingly, in our material, all invasive microcarcinomas (with the signs of extrathyroidal 
growth or with spread to lymph nodes) were hypoechoic in the US examination (Popowicz 
et al., 2009). The role of hypoechogenicity, in revealing aggressive variants of 
microcarcinomas, was also indicated by Barbaro et al. (2005).  
The most specific single feature is the presence of microcalcifications in the lesion (Cappelli 
et al., 2006, 2007; Chan et al., 2003; Frates et al., 2005, 2006; Iannuccilli et al., 2004; E.K. Kim et 
al., 2002; Moon et al., 2008; Nam-Goong et al., 2004; Papini et al., 2002; Rago et al., 2007). It 
increases tenfold the risk of cancer, but the sensitivity of this feature is low, particularly in 
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thyroid. Some investigators also believe that chronic thyroiditis is related to higher risk of 
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assistance improves the diagnostic efficiency of FNAB in relation to both small and large, 
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Wong & Ahuja, 2005). It should be stressed that US does not allow by itself to differentiate 
between benign and malignant thyroid lesions (Gharib et al., 2010; Hegedűs, 2001). 
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nodules (Belfiore et al., 1992; Frates et al., 2006). In consequence, the recommendations focus 
on US features related to the increased risk of malignancy, and not on the size nor 
palpability of the nodule, which were important criteria in the previous recommendations.  
Interestingly, attention is paid to US features allowing to identify invasive cancers including 
those growing in very small lesions. Some recent papers have brought convincing data on 
the high percentage of carcinomas (some of them with extrathyroidal invasion) in small 
lesions subjected to FNAB (Kang et al., 2004; E.K. Kim et al., 2002; S.J. Kim et al., 2003; 
Leenhardt et al., 1999; Lin et al., 2005; Nam-Goong et al., 2004; Papini et al., 2002). The 
majority of these reports come from the countries with natural high iodine supply (Japan, 
Korea) or those with long-established iodine prophylaxis. However, our data from the post-
endemic region confirm these observations. In our material, the frequency of revealed small 
and large cancers was proportional to the frequency of the biopsied nodules of each size 
class, and approx. 1/3 of cytologically revealed thyroid microcancers metastasized to lymph 
nodes (Słowińska-Klencka et al., 2008).  
Analysis of the reported studies justifies division of the known US features suggestive of 
malignancy into 2 groups of high and low specificity. 
The highly specific US features in selection of thyroid lesions for FNAB include: 
1. features of metastasis in the lymph nodes; 
2. features of the thyroid capsule (or neighbouring organs) invasion;  
3. microcalcifications (small, intranodular, punctate, hyperechoic spots with scanty or no 

posterior acoustic shadowing).  
The features of lower specificity include: 
1. irregular or microlobulated margins; 
2. more tall (anteroposterior) than wide (transverse) shape; 
3. marked hypoechogenicity; 
4. chaotic arrangement or intranodular vascular images. 
It should be stressed that the assessment of these features is yet not enough standardized, 
and because of their qualitative or semi-quantitative nature their reproducibility is not 
satisfactory (especially when sonographer lacks experience).  
According to our observations and some other studies, there are differences in sensitivity 
and specificity of these features in respect of nodule size (Popowicz et al., 2008; Mazzaferri 
& Sipos, 2008). The influence of epidemiological situation (mainly iodine supply) on the 
specificity and sensitivity of these features is also underestimated.  
The most sensitive feature of malignancy is hypoechogenicity, both for small and large 
lesions. Unfortunately, the specificity of this feature is low, especially in small nodules – 
majority of benign lesions (especially the small ones) is hypoechoic (Moon et al., 2008; 
Cappelli et al., 2006, 2007; Chan et al., 2003; Frates et al., 2005; 2006; E.K. Kim et al., 2002; 
Leenhardt et al., 1999; Lyshchik et al., 2005; Nam-Goong et al., 2004; Papini et al., 2002). 
Interestingly, in our material, all invasive microcarcinomas (with the signs of extrathyroidal 
growth or with spread to lymph nodes) were hypoechoic in the US examination (Popowicz 
et al., 2009). The role of hypoechogenicity, in revealing aggressive variants of 
microcarcinomas, was also indicated by Barbaro et al. (2005).  
The most specific single feature is the presence of microcalcifications in the lesion (Cappelli 
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increases tenfold the risk of cancer, but the sensitivity of this feature is low, particularly in 
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group of nodules not exceeding 10 mm (Popowicz et al., 2009). Similar results were obtained 
by Moon et al., (2008).  
Less but still significantly predictive is the shape index (Alexander et al., 2004; Berker et al., 
2008; Cappelli et al., 2006; E.K. Kim et al., 2002; Moon et al., 2008). Our analysis shows that 
the features describing the shape of lesion are useful mainly in the diagnostics of small 
nodules (Popowicz et al., 2009). Similar results with respect to the ratio of long to short axis 
of a lesion were reported by Berker et al. (Berker et al., 2008). The shape of larger lesions is a 
less sensitive feature probably because such lesions are more frequently partially cystic, and 
as such are more spherical even if benign.  
With respect to the assessment of blood flow pattern, the published opinions are 
contradictory with some reporting that Doppler US is helpful (Papini et al., 2002; Moon et 
al., 2008; Cappelli et al., 2007; Chan et al., 2003; Lyshchik et al., 2005; Levine, 2006), and 
others reporting that Doppler US did not satisfactory improve diagnostic accuracy (Nam-
Goong et al., 2004; Frates et al., 2003; Iannuccilli et al., 2004; Rago et al., 1998). Even though 
the logistic analysis of regression allows classification of intranodular vascular pattern as an 
independent feature suggesting malignancy, the OR is several times lower than for other 
features (Cappelli et al., 2007). 
It is difficult to apprehend the role of lesion’s borders assessment because there are 
significant differences in the definition of suspected appearance of borders. Some 
researchers, such as Nam-Gong et al., (2004), suggested that ill-defined nodules were 
important for predicting malignancies, while others (E.K. Kim et al., 2002, Cappelli et al., 
2006, 2007 and Kang et al., 2004) suggested that irregular margins were important. 
Moreover, some authors reported that the presence of blurred margins was not significantly 
linked to malignancy of lesions (Leenhardt et al., 1999; Frates et al., 2006; Iannuccilli et al., 
2004), or that well-defined margins were a common sonographic feature in papillary 
carcinomas (Chan et al., 2003). 
Up to now, any single criterion of selecting lesions for FNAB was not found to be 
satisfactory. The analysis of usefulness of feature combinations brought diverse results, both 
in terms of specificity and sensitivity of such a set of features, and the possible reduction in 
the number of performed FNABs. This reduction is of particular importance in endemic 
areas where it determines economic effectiveness of cytological examination. Because of 
high predominance of benign thyroid lesions in such areas, the number of performed 
FNABs is very high in relation to the number of revealed cancers. 
The current recommendations try to relate the indications for FNAB to predictive value of 
particular features and the size of lesion: the lower predictive value of a feature, the larger 
lesion that should be selected for FNAB (Gharib et al., 2010). However, in the setting of 
endemic goitre it is very difficult, if not impossible, to follow the recommendation to 
examine all solid hypoechoic lesions of diameter above 1 cm. Large number of such lesions 
makes their further selection a must. Thus it is important to underline the role of US 
examination in prioritization of lesions. In the cases of multiple thyroid nodules it is 
advisable to biopsy those lesions which are positive for a highly specific feature and those 
positive for several features of lower value.  
The available recommendations suggest the number of lesions that should be biopsied in order 
to satisfactory exclude the risk of malignancy in the multiple nodular goitre (according to 
ATA/AACE/ETA – 2 lesions, and according to Polish recommendations, relating to 
postendemic area - 3-4 lesions) (Gharib et al., 2010; Sporny et al., 2010). However, such 
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suggestions are the results of experts’ consensus. There are few studies addressing this issue 
(Frates et al. 2006), and the mean number of lesions in goitre to be examined differs significantly 
between iodine rich and iodine deficient areas. Anyway it is justified to subject lesions to FNAB 
in the order resulting from the predictive value and number of positive US features. 
In this context it should be mentioned that current recommendations indicate also negative 
features, i.e. those which allow to resign from biopsy. It is justified not to perform FNAB in 
the cases of purely cystic nodules, spongiform nodules, or autonomic nodules in patient 
with low TSH levels (Bonavita et al., 2009; Gharib et al., 2010). 
The current recommendations underline the necessity of proper selection of the area within 
examined lesions that should be biopsied. In the case of cystic-solid lesions it is indicated to 
biopsy the solid part and to evaluate any fluid evacuated from the cystic part. Our 
experience shows that the use of cytological centrifuge for preparation of fluid significantly 
lowers the percentage of non-diagnostic outcomes (Słowińska-Klencka et al. 2004). In the 
case of solid lesions the biopsy of central part should be avoided as there is higher 
probability of necrosis in that area. In the case of large nodules it is recommended to 
perform at least 2 aspirations from various areas of the lesion.  

4.2 Role of ultrasound imaging in diagnostics of thyroid lesions of size < 5 mm 
The current recommendations distinguish the category of lesions of diameter below 5 mm. It 
is indicated to monitor such lesions with US examinations including the evaluation of 
features that can be helpful in revealing invasive microcancers or in making decision of 
FNAB. Such recommendation is based on several rationales: lower accuracy of US features 
evaluation in such small lesions, higher probability of missing lesion during aspiration 
(especially in dorsal location of lesion), and lower clinical aggressiveness of cancers smaller 
than 5 mm (Mazzaferri & Sipos, 2008). Obviously, there are exceptions related to particular 
indications for FNAB including: extrathyroidal growth of nodule (extracapsular invasion, 
lymph nodes involvement or metastases); positive history of neck irradiation in childhood 
or adolescence; papillary thyroid cancers, medullary thyroid cancers, or multiple endocrine 
neoplasia type 2 in first-degree relatives; previous thyroid surgery for cancer; increased 
calcitonin levels in the absence of interfering factors (Berker et al., 2008; Mazzaferri & Sipos, 
2008; D.W. Kim et al., 2009; Kwak et al., 2008). Among features suggestive of the increased 
risk of invasive papillary cancer in lesion there are: shaping of the thyroid capsule by lesion 
or lesion abutting the capsule, and features of the lymph nodes involvement (Kwak et al., 
2008; Ito & Miyauchi, 2009). It should be stressed that predictive value of the latter is very 
diverse, and the highest specificity is found for the presence of calcifications or cystic 
degeneration (relating to areas of necrosis) in the lymph nodes (Leboulleux et al., 2007; 
Sipos, 2009). Some investigators suggest that such data from US examination may be also 
useful in the selection of optimal treatment strategy, and according to Ito et al., (2003, 2009) 
careful US examinations of patients with small nodules may even allow refraining from 
surgical treatment in some cases of papillary microcancers. However, such management is 
not recommended by ATA, AACE nor ETA. 

5. Efficacy of FNAB of thyroid nodules in the areas of various iodine supply  
The above mentioned differences between areas of various iodine supply in the incidence of 
thyroid nodules, their solitary and multiple occurrence, as well as distribution of particular 
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suggestions are the results of experts’ consensus. There are few studies addressing this issue 
(Frates et al. 2006), and the mean number of lesions in goitre to be examined differs significantly 
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lymph nodes involvement or metastases); positive history of neck irradiation in childhood 
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5. Efficacy of FNAB of thyroid nodules in the areas of various iodine supply  
The above mentioned differences between areas of various iodine supply in the incidence of 
thyroid nodules, their solitary and multiple occurrence, as well as distribution of particular 
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pathological lesions, significantly affect the efficacy of preoperative diagnoses of thyroid 
nodules.  
Our group performed one of few studies on the effectiveness of FNAB of thyroid nodules in 
areas with newly corrected iodine supply. It was a retrospective analysis of US examination 
and FNAB on a large series of thyroid glands, performed in a single diagnostic centre. The 
analysis included the outcomes of FNABs performed in years 1985-2010, and obligatory 
iodine prophylaxis using household salt iodized with 30 mg KI/kg was established in 
Poland in 1997. Earlier, iodine prophylaxis was carried out with numerous discontinuations 
from 1930s until 1980, when it was dropped. In the years 1992–1993, a nationwide study 
performed in about 20 000 schoolchildren, showed that Poland was an area of mild or 
moderate iodine deficiency (Szybiński & Żarnecki, 1993). About this time salt iodization was 
partially reintroduced and iodine supply gradually increased. Reevaluation of iodine status 
of Polish population in early 2000s proved the efficacy of iodine prophylaxis by showing 
normalization of ioduria, rapid decrease in the incidence of goitre in schoolchildren and 
lowering the percentage of newborns with transient hyperthyrotropinemia (TSH> 5 mU/L) 
(Szybiński et al., 2008). 
In total nearly 40,000 FNAB results were analysed, and in more than 6000 patients those 
results were verified by histopathological examination. It was found that in endemic areas 
the number of performed FNABs was very high in relation to the number of revealed 
cancers, despite of adhering to the recommendations for selection of lesions for FNAB. This 
is a consequence of high incidence of multiple mostly benign lesions. As a result, the 
frequency of outcomes in the category of benign lesions is higher than in iodine-rich areas. 
The suspicious or malignant lesions constitute < 10% of all cytological results (Słowińska-
Klencka et al., 2002, 2008) while in areas of a long-term normal iodine supply this 
percentage reaches 20–30% (D.L. Kim et al., 2008; Nam-Goong et al., 2004). Moreover, in 
endemic or post-endemic areas the rate of malignant lesions in post-operative 
histopathological examination is relatively low. In our material, such rate was only 7% while 
in areas of high iodine supply it is several times higher. This difference results from a high 
number of patients in iodine-deficient areas who are referred to a surgeon not because of the 
suspicious FNAB outcome – only about 20% of the patients in our series – but because of 
large multinodular goitre, notwithstanding the benign outcome of FNAB (Słowińska-
Klencka et al., 2008).  

5.1 Efficacy of selection of thyroid nodules for FNAB in areas of various iodine supply  
In endemic areas it is more difficult to select lesions that should be biopsied, and the 
probability of wrong selection affects especially small lesions. Small nodules are usually 
accompanied by other, often larger lesions, which are more frequently chosen for FNAB. As 
a result, the efficacy of preoperative diagnoses of small carcinomas in endemic areas is 
significantly lower than in the case of larger malignant tumours (Popowicz et al., 2009; 
Słowińska-Klencka et al., 2008). These differences are deepened by the fact that in the areas 
of iodine sufficiency the reported percentages of false negative (FN) results are falsely 
lowered, as FNAB outcomes are frequently verified not against histopathological 
examination but clinical follow-up. In such areas patients with cytologically diagnosed 
benign lesions, without goitre are not usually surgically treated, and as a result there may be 
some misdiagnosed cases of thyroid microcarcinomas in that group of patients (Theoharis et 
al., 2009). In endemic areas many patients are subjected to thyroidectomy because of large 
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multinodular goitre and then some microcancers are revealed in lesions that were not 
selected for FNAB nor even identified in US examination. 
In respect to described differences, in the regions of a high number of patients with 
multinodular goitre, it seems reasonable to use more powerful and rigorous criteria for 
selecting lesions for FNAB. Such criteria should allow to optimize the number of performed 
FNABs in relation to the number of revealed cancers and, in particular, should allow to 
diagnose invasive cancers. Our study showed that some indolent cancers, which probably 
never become aggressive, were revealed, but some invasive microcancers were missed 
(Popowicz et al., 2009; Słowińska-Klencka et al., 2008). It could be helpful to use the more 
specific set of features for diagnosing invasive thyroid carcinoma but an optimal definition 
of such a set is still being sought. E.K. Kim et al., (2002) reported that reduction number of 
performed FNABs by 47%, with 94% sensitivity and 66% specificity, could be achieved by 
selecting lesions fulfilling the shape criterion or those with microcalcifications, irregular or 
microlobulated margins or marked hypoechogenicity (relative to the strap muscles in the 
neck). Those data come from areas of high-iodine supply and low incidence of multinodular 
goitre. In our material from the area of recently corrected iodine supply, it was found that 
similar reduction in the number of performed FNABs is possible on the condition of 
exclusion of hypoechogenicity from the set of selection criteria. Examination of lesions more 
tall than wide only, or those with microcalcification or solitary ones, would allow limitation 
of the number of biopsies by 50% while keeping sensitivity above 80%. However, it would 
increase the risk of misdiagnosing small invasive thyroid cancers (in our material all 
invasive small cancers were hypoechoic) (Popowicz et al., 2009). It is possible that 
application of ‘marked hypoechogenicity’ feature would allow avoidance of that risk. In our 
material the achieving of above 90% sensitivity in the group of small lesions (<10 mm) was 
possible if all hypoechoic nodules or those with suspected shape were selected for FNAB. 
Such selection could lower the number of performed biopsies by 28%. The addition of all 
solitary nodules and all nodules with microcalcifications would not increase the number of 
examinations significantly, but would allow for biopsying 98% of malignant lesions 
(Popowicz et al., 2009). Similar results were reported by other authors who used the 
selection criteria as the shape of lesions jointly with other features from the US examination 
as the selection criteria. Cappelli et al., (2006) showed that 99% sensitivity can be achieved 
by aspiration of lesions more tall than wide and possessing at least two of the following 
features: hypoechogenicity, blurred margins and calcifications. The authors claimed that by 
applying such criteria, the number of performed FNABs could be lowered by 28%.  
Most diagnostic algorithms suggest performing FNAB for solid, hypoechoic lesions with 
diameters over 10 mm, even in the absence of any other features suggesting the increased 
risk of cancer (Baloch et al., 2008; Gharib et al., 2010; Layfield et al., 2010). But in the case of 
large multinodular goitre, it is necessary to select large lesions for biopsy as well. Our 
studies showed that in the case of large nodules, the usefulness of sonographic features in 
selecting lesions for FNAB was less satisfactory than in the case of small ones. The 
sensitivity of selection of nearly 84% could be achieved by biopsying all hypoechoic or 
containing microcalcifications nodules or with the positive shape index, which would lower 
the number of FNAB by more than 55% (Popowicz et al., 2009).  
It is also worth mentioning that in the majority of the reports, the influence of nodule size on 
the optimal set of features for selecting lesions for FNAB was not investigated. Only 
Cappelli et al., (2006) observed that the associations of US features with malignancy were 
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pathological lesions, significantly affect the efficacy of preoperative diagnoses of thyroid 
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multinodular goitre and then some microcancers are revealed in lesions that were not 
selected for FNAB nor even identified in US examination. 
In respect to described differences, in the regions of a high number of patients with 
multinodular goitre, it seems reasonable to use more powerful and rigorous criteria for 
selecting lesions for FNAB. Such criteria should allow to optimize the number of performed 
FNABs in relation to the number of revealed cancers and, in particular, should allow to 
diagnose invasive cancers. Our study showed that some indolent cancers, which probably 
never become aggressive, were revealed, but some invasive microcancers were missed 
(Popowicz et al., 2009; Słowińska-Klencka et al., 2008). It could be helpful to use the more 
specific set of features for diagnosing invasive thyroid carcinoma but an optimal definition 
of such a set is still being sought. E.K. Kim et al., (2002) reported that reduction number of 
performed FNABs by 47%, with 94% sensitivity and 66% specificity, could be achieved by 
selecting lesions fulfilling the shape criterion or those with microcalcifications, irregular or 
microlobulated margins or marked hypoechogenicity (relative to the strap muscles in the 
neck). Those data come from areas of high-iodine supply and low incidence of multinodular 
goitre. In our material from the area of recently corrected iodine supply, it was found that 
similar reduction in the number of performed FNABs is possible on the condition of 
exclusion of hypoechogenicity from the set of selection criteria. Examination of lesions more 
tall than wide only, or those with microcalcification or solitary ones, would allow limitation 
of the number of biopsies by 50% while keeping sensitivity above 80%. However, it would 
increase the risk of misdiagnosing small invasive thyroid cancers (in our material all 
invasive small cancers were hypoechoic) (Popowicz et al., 2009). It is possible that 
application of ‘marked hypoechogenicity’ feature would allow avoidance of that risk. In our 
material the achieving of above 90% sensitivity in the group of small lesions (<10 mm) was 
possible if all hypoechoic nodules or those with suspected shape were selected for FNAB. 
Such selection could lower the number of performed biopsies by 28%. The addition of all 
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similar in groups of large and small lesions. On the other hand, Lyshchik et al., (2005) and 
Berker et al., (2008) found that the usefulness of sonographic features in selecting lesions for 
FNAB in the group of larger nodules was lower than in the group of smaller ones, and that 
for thyroid nodules larger than 15 mm (Lyshchik) or than 10 mm (Berker) the only reliable 
criterion of cancer was hypoechogenicity. Moon et al., (2008) reported that a set of US 
features suggestive of malignancy (i.e. the presence of at least one of the findings including 
taller than wide shape, speculated margin, hypoechogenicity and the presence of 
calcifications) showed lower sensitivity and higher specificity for nodules >10 mm than for 
smaller nodules, which is in concordance with our data. 
The discussed epidemiological differences may also attribute to the observed differences in 
the frequency of obtaining non-diagnostic material from small lesions. The data on the 
efficacy of FNAB in obtaining diagnostic cellular material from small thyroid lesions are 
equivocal. Some reports suggest that the smaller the size of aspirated lesion the higher the 
rate of inadequate specimens (Cesur et al., 2006; Lee et al., 2006; Sahin et al., 2006). Other 
reports from Japan and Korea suggest that if the staff performing FNAB of the thyroid is 
experienced enough, it is possible to aspirate reliably even very small lesions – with 
diameters of 2–3 mm (D.W. Kim, et al., 2009; Nam-Goong et al., 2004; Yang et al., 2002). In 
these Asian countries, specialists more often diagnose very small thyroid lesions which – 
because of the specific epidemiological situation – less frequently coexist with other larger 
lesions but are microcarcinomas more frequently than in the countries with low iodine 
supply. 

5.2 Influence of iodine status of population on clinical interpretation of cytological 
results  
The proper selection of lesions for biopsy is one of the important components influencing 
the effectiveness of this examination. Another is an epidemiological situation of examined 
populations which affects the incidences of follicular lesions (follicular adenomas and 
carcinomas as well as hyperplastic nodules in nodular goitre) and papillary cancers (Feldt-
Rasmussen, 2001; Słowińska-Klencka et al., 2002).  
FNAB does not allow for differentiation among certain forms of nodular goitre, follicular 
adenoma, follicular carcinoma and frequently also follicular variant of papillary carcinoma 
of the thyroid. This problem is the main limitation of FNAB diagnostics, especially in 
endemic regions. Consequently, in clinical practice, the cytological diagnoses of ‘follicular 
neoplasm’ and, especially, of ‘Hürthle cell tumour’ are frequently regarded as an indication 
for surgical treatment. However in the areas of long-term iodine deficiency, the 
consideration of ‘follicular neoplasms’ results as an indicator of malignancy yields a 
significant increase in false positive results. In our material, in which ‘follicular neoplasm’ 
corresponds more frequently to non-neoplastic hyperplastic nodules or follicular adenoma 
than to thyroid cancers, such interpretation puts false positive results in range 10-12% 
(Słowińska-Klencka et al., 2002, 2008). This is the reason for low positive predictive value of 
FNAB in such areas. In iodine-rich areas ‘follicular neoplasm’ diagnosis corresponds more 
frequently to follicular variant of papillary cancer. 
Follicular cancer constituted 30% of all malignant tumours found in postoperative 
histopathological examination in patients who underwent FNAB at our centre before 
introduction of salt iodization, while 10 years later that percentage dropped to 6-7%. Parallel 
decrease in frequency of follicular adenoma was also observed. Papillary cancer constituted 
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about 45% of all malignant tumours in the first period and 75% in the second one 
(Słowińska-Klencka et al., 2002, 2008). Such marked changes over relatively short time may 
be attributed not only to the increased iodine supply but also to erroneous classification of 
follicular variant of papillary cancer in the earlier period. As it was already mentioned, an 
introduction of iodine prophylaxis is often accompanied by the increased interest in the 
thyroid diseases what improves the standards of histopathological examination.   
Analysis of the cytological results in our centre over the discussed period showed the 
gradual decrease in frequency of cytological results, applying to ‘follicular neoplasm”, while 
the frequency of diagnoses of oxyphilic variant of those neoplasms remained nearly 
constant (Fig. 2). 
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Fig. 2. The occurrence of cytological diagnoses of follicular neoplasm and Hürthle cell 
tumour 

Interestingly, in the analysed period the risk of revealing cancer in postoperative 
histopathological examination in nodules diagnosed cytologically as ‘follicular neoplasm’ 
dropped from above 15% to below 8%. Those lesions more frequently were found to be 
hyperplastic nodules in histopathological examination. The decrease in occurrence of 
cancers in lesions with cytological diagnosis of ‘follicular neoplasm’ was more pronounced 
than the decrease in frequency of formulating this cytological diagnosis (Słowińska-Klencka 
et al., 2002, 2008). It should be kept in mind that such lowering of the risk of cancer is 
transient. In regions of recently established iodine prophylaxis the risk of thyroid cancer in a 
lesion described in FNAB as ‘follicular neoplasm’ is lower than in regions of constant 
sufficient iodine supply, where thyroid nodules are rarer but more frequently malignant 
(Baloch et al., 2002; Mihai et al., 2009).  
Our data also show that if ‘follicular neoplasm’ in cytological outcome was assumed as a 
negative result with respect to cancer diagnosis it would cause a twofold increase in the 
number of undiagnosed cancers >10 mm and only 15% increase in the case of 
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infracentimetric cancers. Thus, it seems that in the regions of recently normalized iodine 
supply, in patients with such cytological outcome the surgical treatment may be postponed 
only in the case of small lesions (Słowińska-Klencka et al., 2008).  
Other reports also show that the size of lesion is important feature in the assessment of 
probability of thyroid cancer in patients with cytological diagnosis of follicular neoplasm. 
Lubitz et al., (2010), Mihai et al., 2009; Schlinkert et al., (1997) and Tutle et al., (1998) indicate 
that the size above 4 cm is significant; Baloch et al., (2002) - above 3 cm. 
Concluding, it is reasonable to individualize indications for surgical treatment – particularly 
in countries with similar to Polish epidemiological situation, where the risk of cancer in 
lesion diagnosed as ‘follicular neoplasm’ is relatively low (<10%). It seems that in such cases 
small lesions can be treated conservatively providing the strict clinical follow-up is assured 
with US monitoring. It should be stressed that even in such areas the risk of cancer in the 
case of cytological diagnosis of ‘Hürthle cell neoplasm’ is high and reaches 20-30% 
(Słowińska-Klencka et al., 2002). The similar data on the difference in the risk of cancer 
between cytologically diagnosed follicular and oxyphilic neoplasms were reported by 
Sangalli et al., (2006) and Baloch et al., (2002). Thus, in our opinion, if FNAB outcome 
suggests ‘Hürthle cell tumour’ indications for surgical treatment are stronger.  On the other 
hand, Pu et al., (2006), Sorrenti et al., (2009) and Theoharis et al., 2009 found no difference 
between such lesions regarding the rate of malignancy. However, Sorrenti et al., (2009) 
correctly mentions that more aggressive cancers tend to occur in patients with ‘Hürthle cell 
neoplasm’ than in persons with ‘follicular neoplasm’ diagnosed cytologically. 

5.3 New classification of thyroid FNAB results - the impact on frequency of particular 
diagnoses from follicular lesions in postendemic area 
The most recent recommendations for diagnostics of thyroid nodules permit centres with 
specific experience in thyroid cytology to divide diagnoses of follicular lesions into 
‘follicular lesion of undetermined significance’ and ‘follicular neoplasm’ categories 
(Baloch et al., 2008; Gharib et al., 2010; Layfield et al., 2010). This distinction separates 2 
cytologic groups at different risk for thyroid malignancy. At our centre similar distinction 
was introduced earlier – in some cases the cytopathologist tried to determine more 
precisely the benign character of the lesion by formulating the result as ‘follicular 
neoplasm – probably adenoma’ (Słowińska-Klencka et al., 2002). However, the current 
guidelines of National Institute of Cancer (NCI) assume wider definition of this particular 
diagnostic category. According to NCI ‘follicular lesion of undetermined significance’ is a 
heterogeneous category, which reflects the difficulty in the cytological diagnosis of the 
follicular lesions of the thyroid. It includes cases in which the cytomorphological findings 
are not representative of a benign lesion such as a hyperplastic  adenomatoid nodule, yet 
the degree of cellular or architectural atypia is not sufficient to render an interpretation of 
follicular neoplasm  suspicious for a follicular neoplasm or suspicious for malignancy. 
This diagnosis may also be used in thyroid FNAB specimens that are less than optimal 
due to limited cellularity, poor fixation and obscuring blood (Baloch et al., 2008; Layfield 
et al., 2010). The main reason for using this diagnostic category was to recommend a 
repeated FNAB in 3-12 months for these cases rather than surgical excision. The 
correlation of FNAB outcomes with the results of subsequent US examinations, or radio-
nucleotide uptake studies may be helpful in improving the positive predictive value of 
that ‘indeterminate’ category. 
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We assessed the influence of the application of new classification of the thyroid cytological 
outcomes in postendemic area in respect to follicular lesions from which monomorphic 
thyroid follicular cells (tfc) (comprising oxyphilic cells) arranged in three-dimensional 
groups including microfollicles were aspirated. The analysis covered 2 periods: year 2009 
and the period between May 2010 and February 2011. In the later period new classification 
of thyroid FNAB outcomes was used that was based on NCI classification with exclusion of 
cases with low cellularity from “follicular lesion of undetermined significance” subgroup. It 
was found that in both examined periods incidence of aspirates with monomorphic tfc was 
similar: 4.5% and 4.4% respectively. However the introduction of the subcategory of 
”follicular lesion of undetermined significance” significantly decreased the percentage of 
FNAB outcomes without diagnostic conclusion (p<0.0001, chi2 test) (Table 1). Thus, it seems 
that the introduction of this new category of FNAB results makes it easier for 
endocrinologists to choose proper therapeutic options, especially in postendemic areas. 
 

2009 V 2010 - II 2011 
Cytological results No/% Cytological results No/% 

Monomorphic tfc without 
conclusion 168/72.1% 

Monomorphic tfc without 
conclusion - usually low 

cellularity smears 
66/30.4% 

Benign follicular nodule 10/4.3% Benign follicular nodule 4/1.8% 
Follicular neoplasm probably 

benign 6/2.6% Follicular lesion of 
undetermined significance 106/48.9% 

Follicular neoplasm 21/9.0% Suspicious for a follicular 
neoplasm 21/9.7% 

Follicular neoplasm Hürthle 
cell type probably benign 0/0.0% 

Follicular lesion of 
undetermined significance 

Hürthle cell type 
3/1.4% 

Follicular neoplasm Hürthle 
cell type 28/12.0% Suspicious for a follicular 

neoplasm Hürthle cell type 17/7.8% 

Number of follicular lesions 233/100.0% Number of follicular lesions 217/100.0% 

Table 1. Comparison of cytological outcomes from thyroid nodules, where monomorphic tfc 
dominated in aspirates, formulated in 2 periods: year 2009 and between May 2010 and 
February 2011. In the later period new classification of thyroid FNAB outcomes was used. 

Also Theoharis et al., (2009) found that the new approach of reporting thyroid FNA 
proposed by the NCI is advantageous in patients who may harbor a follicular or Hürthle cell 
neoplasm as it allows the reporting cytopathologists to express their level of concern of the 
possibility of an underlying malignancy to guide subsequent patient management. 

5.4 Increased incidence of Hashimoto disease in endemic areas and the risk of FNAB 
false results 
As it was already mentioned, the increase in iodine supply in endemic area  is related to the 
increase in the incidence of chronic thyroiditis. It significantly affects the efficacy of 
morphological diagnostics of the thyroid. Noticeable anisocytosis of follicular cells observed in 
some cases of chronic thyroiditis can lead to an increased number of false positive (FP) results 
of FNAB. Additionally, marked hypoechogenecity and heterogeneity of the thyroid in US 
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scans poses difficulties in revealing any focal lesions. Another important issue is a coincidence 
of papillary cancer and chronic thyroiditis, which is indicated by numerous investigators, and 
makes cytological diagnostics of patients with Hashimoto disease even more challenging 
(Azizi et al., 2011; Cipolla et al., 2005; Gul et al., 2010; Liu et al., 2001; Mukasa et al., 2011; 
Ruggiero et al., 2005; Shih et al., 2008; Singh et al., 1999; Słowińska-Klencka et al., 2006). 
In our material the frequency of papillary carcinoma diagnosed in postoperative 
histopathological examination was higher in the group of patients with cytologically 
confirmed chronic thyroiditis than in the group of patients with non-inflammatory benign 
lesion found in FANB (Słowińska-Klencka et al., 2006). There are also reports indicating the 
relation between the increased titres of antithyroid antibodies and the increased probability 
of obtaining FANB outcome which suggests or confirms thyroid malignancy (Boi et al., 
2005). It was also shown that the risk of thyroid cancers is positively correlated to TSH levels 
even in its normal range (Boelaert et al., 2006, 2009), and chronic thyroiditis is main reason 
for the increase of TSH levels. Even without judging whether chronic thyroiditis facilitates 
the growth of papillary cancer, or rather lymphocytic infiltration is a kind of response to 
growing tumour, it can be concluded that patients with Hashimoto disease should be 
followed-up with a particular attention (Gul et al., 2010; Okayasu et al., 1995). It should be 
also kept in mind that chronic thyroiditis is regarded as a risk factor for malignant 
lymphoma of the thyroid (Holm et al., 1985; Matsuzuka et al., 1995).  

5.5 Differences in statistical approach to the evaluation of FNAB efficacy 
The differences described above in epidemiological situations of examined populations 
result in significant  differences in the reported data on FP and false negative (FN) results, as 
well as sensitivity (from 65 to 98%) and specificity (from 72 to 100%) of the thyroid FNAB 
(Gharib et al., 2010). Another important source of these differences comes from the statistical 
approaches to the evaluation of FNAB data, which vary among authors, thus making the 
reported results hardly comparable (Słowińska-Klencka et al., 2002). Some authors exclude 
the so-called intermediate results (differently defined) from statistical analysis, while others 
exclude only the specific cases (e.g. exclusion from FP result, cases corresponding to 
follicular adenoma in histopathological examination or exclusion from FN results cases of 
papillary microcarcionomas incidentally found in postoperative histopathological 
examination ) (Cap et al., 1999; La Rosa  et al., 1991). This problem is further discussed in the 
papers by Lewis et al., (2009) and Theoharis et al., (2009). 
There is a general agreement that in regions of endemic goitre (with an increased incidence 
of follicular neoplasms), a high number of FP results should be accepted and negative 
results should be optimised (Papanicolaou Society of Cytopathology, 1996). FN results may 
delay the institution of appropriate treatment. On the other hand, it should be kept in mind 
that the real rate of FN results of FNAB could be masked by the relatively high percentage 
of patients with cytologically diagnosed benign lesions who are not surgically treated, while 
differentiated carcinoma need not progress for years. 

6. Rules of monitoring benign lesions – Its efficacy in relation to iodine 
supply 
Cytological diagnosis of benign lesion is related to very low risk of malignancy (1–2% in the 
case of US-guided FNAB), on condition that such diagnosis is formulated only if smears 
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satisfy strict quality criteria (Gharib et al., 2010). Assuming that these criteria were followed 
and the aspirated material was obtained from the examined lesion, there is no need to repeat 
FNAB unless changes in US image or other clinical data suggest the otherwise. It should be 
remembered that clinical decisions based on such cytological diagnosis should be limited to 
that particular lesion, and cannot be extended on other lesions. In the presence of any 
doubts it is justified to repeat FNAB after 6-12 months especially in lesions presenting some 
US features suggestive of malignancy (Kwak et al., 2010).  
Opponents against performing control FNABs even in the cases of non-progressing nodule, 
indicate that such examination usually does not significantly change the cytological category 
of examined lesion, it lowers economic efficiency of thyroid diagnostics, and it unnecessarily 
stimulates the fear of cancer in patient (Aguilar et al., 1998; Lucas et al.; 1995; Merchant et 
al., 2000). On the other hand, there are proponents of control FNABs, who indicate that 1-3 
control FNABs lower the risk of false negative results related to missing examined lesion 
(particularly small or dorsally located) (Flanagan et al., 2006; Gabalec et al., 2009; 
Hamburger 1987; Illouz et al. 2007; Orlandi et al. 2005). Some investigators suggest to 
perform follow-up FNA only in a selected group of patients with clinically suspicious 
symptoms (Chehade et al., 2001; Erdogan et al., 1998; Oertel et. al., 2007; van Roosmalen et 
al., 2010).  
Analysis of our material showed that performing one control FNAB increases diagnostic 
efficacy of cytological examination in respect to diagnosing cancer. Next control FNABs do 
not change the cytological category of examined lesion if no US/clinical signs of progression 
are observed (Słowińska-Klencka et al., 2001). In the case of very long follow-up (10 years or 
more), it seems less rational to limit the number of performed FNABs to 1 or 2, but there are 
no recommendations addressing this question.  
If quality criteria of smears are not satisfied FNAB should be classified as non-diagnostic. 
With such cytological outcome decision on surgical treatment must be based on the presence 
of clinical features suggesting the increased risk of cancer. If conservative treatment is 
undertaken, next biopsy should be performed within 3-12 months. Interpretation of non-
diagnostic biopsy should include clinical context as some thyroid diseases are related to 
difficulties in obtaining material satisfying all quality criteria (e.g. chronic thyroiditis, colloid 
nodule). If two subsequent examinations give non-diagnostic material then an individual 
clinical assessment of the risk of cancer in the evaluated lesion should be performed. It 
seems that solid lesions should be more readily treated surgically while mixed, cystic-solid 
lesions may be observed (with possibility of surgical treatment in future). According to 
British Thyroid Association [BTA] (2007) guidelines, clinical attention should be increased if 
there are blood cells and histiocytes in smear and thyroid follicular cells are absent. BTA 
advises to regard such smears as more suspicious than those without follicular cells but with 
dominating colloid. According to our data, the frequency of histopathologically diagnosed 
neoplasms (both malignant and benign) in solid lesions is higher in the case of lesions from 
which non-diagnostic material was obtained twice in comparison with lesions that showed 
diagnostic material in the repeated (second) FNAB. No similar difference was noted in 
relation to malignant neoplasms only. However, the risk of diagnosing cancer in 
postoperative examination was higher than in lesions with diagnostic cytological outcome 
(classified as benign) – about 7% vs. 2%, respectively (Słowińska-Klencka et al., 2004). 
Others reported similar data (Orija et al., 2007). There is a general agreement that ‘pure 
cystic’ lesions should be treated conservatively because of low risk of malignancy. 
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Additional difficulty in areas of iodine deficiency is related to follow-up of multiple thyroid 
nodules which can be easily misidentified in control ultrasound examinations. As 
indications for FNAB are based on US features of revealed lesions, it is very important to 
clearly describe in US report as many identified lesions as possible, with precise description 
of their location, size and features used for selection to FNAB. The US report should not be 
limited to the description of a dominant lesion, and report of US-guided FNAB should allow 
to identify biopsied lesion in other diagnostic centre (Gharib et al., 2010). It is advisable to 
attach to FNAB result the US report with description of lesions that have been biopsied. 
Such joined report allows to compare US features of lesions during control examination. 
This is particularly important in endemic areas where it may be difficult to identify lesion 
among many others in multiple nodular goitre.  

7. Conclusions  
In the endemic areas the typical ultrasound criteria for selection of lesions for FNAB are 
inefficient. The number of performed FNABs is very high in relation to the number of 
revealed cancers, but in spite of this, some invasive cancers are missed. On the other hand, 
some indolent cancers, which probably never become aggressive, are revealed. In the 
regions of a high number of patients with multinodular goitre, it seems reasonable to use 
more powerful and rigorous criteria for selecting lesions for FNAB that would allow to 
improve diagnostic and economic effectiveness of biopsy. Such criteria must include 
features with higher predictive value instead of or along with features with high sensitivity 
but low specificity (like nodule hypoechogenecity).  
In iodine-deficient areas in order to increase the chances of early detection of small invasive 
cancers, it seems particularly reasonable to follow up small lesions revealed in the thyroid 
with repeated US examinations. That allows detection of any significant changes in lesion 
image and lesion relationship with the thyroid capsule as well as evaluation of lymph nodes 
in the neck.  
While clinically interpreting the results of cytological examination, the iodine status of 
examined population should be considered. Changes in the iodine status of a given 
population promptly influence the clinical significance of particular cytological results. In 
such circumstances, special attention is advised from both the cytologist and the 
thyroidologist.  
Concluding, the clinical management of thyroid nodules in areas of high, sufficient or 
inadequate iodine supply is not fully comparable.  
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Additional difficulty in areas of iodine deficiency is related to follow-up of multiple thyroid 
nodules which can be easily misidentified in control ultrasound examinations. As 
indications for FNAB are based on US features of revealed lesions, it is very important to 
clearly describe in US report as many identified lesions as possible, with precise description 
of their location, size and features used for selection to FNAB. The US report should not be 
limited to the description of a dominant lesion, and report of US-guided FNAB should allow 
to identify biopsied lesion in other diagnostic centre (Gharib et al., 2010). It is advisable to 
attach to FNAB result the US report with description of lesions that have been biopsied. 
Such joined report allows to compare US features of lesions during control examination. 
This is particularly important in endemic areas where it may be difficult to identify lesion 
among many others in multiple nodular goitre.  

7. Conclusions  
In the endemic areas the typical ultrasound criteria for selection of lesions for FNAB are 
inefficient. The number of performed FNABs is very high in relation to the number of 
revealed cancers, but in spite of this, some invasive cancers are missed. On the other hand, 
some indolent cancers, which probably never become aggressive, are revealed. In the 
regions of a high number of patients with multinodular goitre, it seems reasonable to use 
more powerful and rigorous criteria for selecting lesions for FNAB that would allow to 
improve diagnostic and economic effectiveness of biopsy. Such criteria must include 
features with higher predictive value instead of or along with features with high sensitivity 
but low specificity (like nodule hypoechogenecity).  
In iodine-deficient areas in order to increase the chances of early detection of small invasive 
cancers, it seems particularly reasonable to follow up small lesions revealed in the thyroid 
with repeated US examinations. That allows detection of any significant changes in lesion 
image and lesion relationship with the thyroid capsule as well as evaluation of lymph nodes 
in the neck.  
While clinically interpreting the results of cytological examination, the iodine status of 
examined population should be considered. Changes in the iodine status of a given 
population promptly influence the clinical significance of particular cytological results. In 
such circumstances, special attention is advised from both the cytologist and the 
thyroidologist.  
Concluding, the clinical management of thyroid nodules in areas of high, sufficient or 
inadequate iodine supply is not fully comparable.  
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serum TSH level and 18FDG-PET should be obtained(Cooper, Doherty et al. 2009). The risk 
of malignancy in 18FDG-PET positive nodules is about 33%, and the cancers may be more 
aggressive(Are, Hsu et al. 2007). Therefore, these lesions require prompt evaluation. If the 



  
Contemporary Aspects of Endocrinology 

 

164 

Szybinski, Z. & Zarnecki, A. (1993). Prevalence of goiter, iodine deficiency and iodine 
prophylaxis in Poland. The results of the nation-wide study. Endokrynologia Polska – 
Polish Journal of Endocrinology, Vol.44, No.3, pp. 373–388, ISSN 0423-104X 

Szybinski, Z.; Golkowski, F.; Buziak-Bereza, M.; Trofimiuk, M.; Przybylik- Mazurek, E.; 
Huszno, B.; Bandurska-Stankiewicz, E.; Bar-Andziak, E.; Dorant, B.; Kinalska, I.; 
Lewinski, A.; Klencki, M.; Rybakowa, M.; Sowinski, J.; Szewczyk, L.; Szponar, L. & 
Wasik, R. (2008). Effectiveness of the iodine prophylaxis model adopted in Poland. 
Journal of Endocrinological Investigation, Vol.31, No.4, (April 2008), pp. 309–313, ISSN 
0391-4097 

Tae, H.J.; Lim, D.J.; Baek, K.H.; Park, W.C.; Lee, Y.S.; Choi, J.E.; Lee, J.M.; Kang, M.I.; Cha, 
B.Y.; Son, H.Y.; Lee, K.W. & Kang, S.K. (2007). Diagnostic value of ultrasonography 
to distinguish between benign and malignant lesions in the management of thyroid 
nodules. Thyroid, Vol.17, No.5 (May 2007), pp. 461–466, ISSN 2042-0072 

Tan, G.H.; Gharib, H. & Reading, C.C. (1995). Solitary thyroid nodule. Comparison between 
palpation and ultrasonography. Archives of Internal Medicine, Vol.155,No.22, 
(December 1995), pp. 2418–2423, ISSN 0003-9926 

Theoharis, C.; Schofield, K.; Hammers, H.; Udelsman, R. & Chhieng, D.C. (2009). The 
Bethesda Thyroid Fine-Needle Aspiration Classification System: Year 1 at an 
Academic Institution. Thyroid, Vol.19, No.11, (November 2009), pp. 1215-1223, ISSN 
2042-0072 

Tunbridge, W.M.; Evered, D.C.; Hall, R.; Appleton, D.; Brewis, M.; Clark, F.; Evans, J.G.; 
Young, E.; Bird, T. & Smith, P.A. (1997). The spectrum of thyroid disease in a 
community: the Whickham survey. Clinical Endocrinology, 1977 7,No.6, (December 
1977),  pp. 481–493, ISSN 0300-0664 

Tuttle, R.M.; Lemar, H.& Burch, H.B. (1998) Clinical features associated with an increased 
risk of thyroid malignancy in patients with follicular neoplasia by fine-needle 
aspiration. Thyroid Vol.8, No5. (May 1998), pp. 377–383, ISSN 2042-0072 

Wada, N.; Duh, Q.Y.; Sugino, K.; Iwasaki, H.; Kameyama, K.; Mimura, T.; Ito, K.; Takami, H. 
& Takanashi, Y. (2003). Lymph node metastasis from 259 papillary thyroid 
microcarcinomas: frequency, pattern of occurrence and recurrence, and optimal 
strategy for neck dissection. Annals of Surgery, Vol.237, No.3, (March 2003), pp. 399-
407, ISSN 0003-4932 

Wong, K.T. & Ahuja, A.T. (2005). Ultrasound of thyroid cancer. Cancer Imaging, Vol.5, No,5, 
(December 200), pp. 157-166, ISSN 1740-5025 

Yang, G.C.; LiVolsi, V.A. & Baloch, Z.W. (2002). Thyroid microcarcinoma: fine needle 
aspiration diagnosis and histologic follow-up. International Journal of Surgical 
Pathology, Vol.10, No.2, (April 2002), pp. 133–139, ISSN 1066-8969 

7 

Clinical Workup of Nodular and Mass Lesions  
of the Endocrine Organs 

Xiaoqi Lin and Bing Zhu 
Northwestern Memorial Hospital, Feinberg School of Medicine, Northwestern University 

USA 

1. Introduction 
Fine needle aspiration (FNA) biopsy is a minimally invasive procedure that is widely used 
to evaluate nodular, mass, or cystic lesions of the endocrine organs, especially the thyroid 
glands. FNA biopsy can be performed without imaging guidance for palpable nodules or 
with guidance by ultrasound, computerized tomography (CT) scan, magnetic resonance 
imaging (MRI) scan, or endoscopic ultrasonography (EUS). FNA biopsy is used to make 
diagnoses of non-neoplastic lesions (infection, inflammation, and hyperplastic nodule), 
benign neoplasms, and malignancies. FNA biopsy is also used to distinguish primary 
neoplasms from metastatic malignancies. Immunohistochemical (IHC) stains and molecular 
assays can be performed on FNA biopsy materials, in order to make more accurate 
diagnoses and to determine the appropriateness of targeted treatment. 

2. Clinical workup of thyroid nodules 
2.1 Introduction 
Thyroid nodules are a common clinical problem. Five to fifteen percentage of thyroid 
nodules are malignant depending on age, sex, radiation exposure history, family history, 
and other factors(Caruso and Mazzaferri 1991). In the United States, approximately 44,670 
new cases of thyroid cancer were diagnosed and 1,690 deaths were caused by thyroid cancer 
in 2010(Jemal, Siegel et al. 2010). Autopsy examination showed that prevalence of 
micropapillary cancers was 13% in the United States(Harach, Franssila et al. 1985). The 
incidence of thyroid cancer is rising(Cooper, Doherty et al. 2009).  

2.2 Clinical workup of thyroid nodules 
Thyroid nodules can be detected by palpation (5% in women and 1% in men)(Vander, 
Gaston et al. 1968; Tunbridge, Evered et al. 1977), and are increasingly detected by 
ultrasound examination (19 – 67%)(Mazzaferri 1993; Tan and Gharib 1997) and other 
scanning techniques, such as fluorodeoxyglucose–positron emission tomography (18FDG-
PET)(Are, Hsu et al. 2007), sestamibi, CT scan, and MRI scans. Ultrasound should be 
performed in all patients with suspected thyroid nodules(Cooper, Doherty et al. 2009). A 
serum TSH level and 18FDG-PET should be obtained(Cooper, Doherty et al. 2009). The risk 
of malignancy in 18FDG-PET positive nodules is about 33%, and the cancers may be more 
aggressive(Are, Hsu et al. 2007). Therefore, these lesions require prompt evaluation. If the 



  
Contemporary Aspects of Endocrinology 

 

166 

serum TSH is subnormal and diffuse or focal uptake on 18FDG-PET scan is identified, a 
radionuclide thyroid scan using either technetium 99mTc pertechnetate or 123I should be 
obtained to document whether the nodule is hyperfunctioning. No FNA evaluation is 
necessary(Cooper, Doherty et al. 2009). Higher serum TSH is associated with increased risk 
of malignancy in a thyroid nodule(Boelaert, Horacek et al. 2006) and prompts an FNA 
biopsy(Cooper, Doherty et al. 2009). 

2.3 Fine needle aspiration biopsy of thyroid nodules 
FNA has been demonstrated to be the most accurate and cost-effective method for 
evaluating thyroid nodules, which has resulted in a reduction of unnecessary thyroid 
surgery for patients with benign nodules and allowed appropriate triaging of patients with 
thyroid cancer to surgery. Before the routine use of thyroid FNA, only 14% of surgically 
resected thyroid nodules were malignant(Hamberger, Gharib et al. 1982). With current 
thyroid FNA practice, the percentage of malignancy in resected nodules exceeds 50%(Yassa, 
Cibas et al. 2007). Half of the malignant nodules were diagnosed by FNA cytology as 
malignant, and the other half had indeterminate cytology, a term used to describe atypia of 
undetermined significance (AUS), follicular neoplasm, and suspicious for 
malignancy(Yassa, Cibas et al. 2007). The sensitivity of FNA in diagnosis of malignancy is 
66% in palpable thyroid nodules(Tee, Lowe et al. 2007). However, FNA diagnostic 
performance has varied across different studies. Core needle biopsy has a higher adequacy 
rate than FNA but seems less sensitive, especially for papillary carcinoma(Renshaw and 
Pinnar 2007). The combination of FNA with core needle biopsy seems to have the highest 
adequacy rate and sensitivity(Renshaw and Pinnar 2007). Every patient with a palpable 
thyroid nodule is a candidate for FNA biopsy and should undergo further evaluation to 
determine if an FNA is warranted. Before making the decision to proceed with an FNA, a 
serum thyrotropin level and thyroid ultrasound should be obtained. 
Generally, only nodules >1 cm should be evaluated by clinical history, laboratory tests, 
ultrasound, and FNA, since they have a greater potential to be clinically significant 
cancers(Cooper, Doherty et al. 2009). Routine FNA is not recommended for nodules < 1 cm. 
Occasionally, there may be nodules <1 cm that require evaluation because of suspicious US 
findings, associated lymphadenopathy, a history of head and neck irradiation, or a history of 
thyroid cancer in one or more first-degree relatives(Cooper, Doherty et al. 2009). However, 
some nodules <1 cm that lack these warning signs eventually cause morbidity and 
mortality(Cooper, Doherty et al. 2009). These are rare, and given unfavorable cost-benefit 
considerations, attempts to diagnose and treat all small thyroid cancers in an effort to prevent 
these rare outcomes would likely cause more harm than good(Cooper, Doherty et al. 2009). 
Sonographic features suspicious for malignancy include presence of microcalcifications, 
hypoechogenicity, increased intranodular vascularity, irregular/lobulated infiltrative margins, 
an absent halo, nodal metastases, and a shape taller than the width measured in the transverse 
dimension(Cooper, Doherty et al. 2009). Microcalcifications are highly specific for PTC, but 
may be difficult to distinguish from colloid. 
Thyroid FNA is performed with 27, 25 or 23 gauge needles with or without imaging 
guidance, however most are performed under ultrasound guidance. The solid area of 
thyroid nodules should be biopsied. Direct smears of FNA samples are preferred and 
cytospin or ThinPrep can be also used. The air-dried slides are stained with modified 
Giemsa stain for immediate interpretation for evaluation of adequacy. Alcohol fixed slides 
are stained with Papanicolaou stain, which is the ideal method to evaluate nuclear features 
for the diagnosis of papillary thyroid carcinoma.  
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Side effects of thyroid FNA include hemorrhage and infection. Acute thyroid hemorrhage 
may cause acute respiratory distress, which needs prompt intervention(Donatini, Masoni et 
al. 2010). Infarction in thyroid nodules can occur after FNA, which may interfere with 
histologic evaluation(Das, Janardan et al. 2009). 

2.4 The Bethesda system for reporting thyroid cytopathology 
In order for pathologists to better communicate thyroid FNA interpretations to referring 
physicians, the Bethesda System for Reporting Thyroid Cytopathology (TBSRTC) was 
developed in 2007(Cibas and Ali 2009). The 2007 National Cancer Institute (NCI) 
conference and 2009 35th European Congress of Cytology (ECC) reviewed and discussed 
6 topics(Cibas and Ali 2009): (1) indications for thyroid FNA and pre-FNA requirements; 
(2) training and credentialing; (3) techniques for thyroid FNA; (4) diagnostic terminology 
and morphologic criteria; (5) utilization of ancillary studies in thyroid FNA; and (6) post-
FNA testing and treat-pre-FNA requirements, training specifications, criteria for the 
selection of patients to undergo FNA, diagnostic categories and criteria, ancillary testing 
and post-FNA follow-up and treatment options. TBSTRC classified thyroid FNA findings 
into 6 categories (Table 1) (Cibas and Ali 2009). 
 

Category Subcategory 
Nondiagnostic/unsatisfactory Cystic fluid only, acellular/scant cellular specimen, 

and others (obscuring blood, clotting artifact, air 
drying artifact, poor fixation, poor preservation, etc.) 

Benign Consistent with a benign follicular nodule 
(adenomatoid/hyperplastic nodules, etc.), thyroiditis 
(lymphocytic, Hashimoto, granulomatous), and others 

Atypia of undetermined 
significance (AUS) or follicular 
lesion of undetermined 
significance (FLUS) 

Indeterminate for follicular neoplasm versus 
adenomatoid nodule, indeterminate for papillary 
thyroid carcinoma, suggestive of benign Hürthle cell 
nodule or lymphocytic thyroiditis, cyst-lining cells 
with atypia, follicular cells with nuclear enlargement 
and prominent nucleoli in patients with a history of 
radiation, carbimazole, or other pharmaceutical 
agents, reparative/reactive changes, atypical 
lymphoid infiltration, and others 

Follicular neoplasm or 
suspicious for a follicular 
neoplasm 

Specify if Hürthle cell (oncocytic) type 

Suspicious for malignancy Suspicious for papillary carcinoma, medullary 
carcinoma, metastatic carcinoma, lymphoma, and 
others 

Malignant Papillary thyroid carcinoma, poorly differentiated 
carcinoma, undifferentiated (anaplastic) carcinoma, 
medullary carcinoma, squamous cell carcinoma, 
carcinoma with mixed features (specify), metastatic 
carcinoma, non-Hodgkin lymphoma, and others 

Table 1. The Bethesda system for reporting thyroid Cytopathology (TBSRTC)(Cibas and Ali 
2009) 
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2.4.1 Category: Nondiagnostic/unsatisfactory  
To be satisfactory for evaluation, a specimen should contain at least 6 groups of benign follicular 
cells and at least 10 cells in each group(Grant, Hay et al. 1989; Haider, Rakha et al. 2011), except 
for findings consistent with colloid nodule(Cibas and Ali 2009). Nondiagnostic/unsatisfactory 
cases should account less than 10% with a range from 2 – 20% of cases(Cibas and Ali 2009). 
Postoperative risk of malignancy in thyroid nodules with nondiagnostic cytology is 12% on 
average with a range from 0 - 32%(Cibas and Ali 2009; Wang, Friedman et al. 2010). The risk of 
malignancy for a cyst fluid only sample is 4%(Renshaw 2001). A repeated FNA aspiration with 
ultrasound guidance is recommended for nondiagnostic/unsatisfactory and clinically or 
sonographically worrisome cyst fluid only cases, and is diagnostic in 50 - 88% of cases(Renshaw 
2001; Cooper, Doherty et al. 2009). Aspirates composed of pure colloid and lacking a cellular 
component should be considered benign rather than non-diagnostic(Layfield, Cibas et al. 2010). 

2.4.2 Category: Benign 
The FNA smears of hyperplastic/adenomatoid nodules typically show bland follicular cells 
as well as metaplastic Hürthle cells arranged in macrofollicles, normofollicles, and possibly 
microfollicles, and show moderate to abundant colloid (Figure 1). Abundant macrophages 
including hemosiderin-laden macrophages, proteinaceous material, hemolyzed red blood 
cells, reactive follicular cells, and stromal cells may be seen.  
 

 
Fig. 1. Thyroid hyperplastic/adenomatoid nodule, FNA cytology, modified Giemsa (A and 
C) and Papanicolaou stain (B and D), 600x. Figures A and C show benign follicular cells in a 
background of abundant colloid with macrophages. Figures B and D show metaplastic 
Hürthle cells with moderate to abundant granular cytoplasm. 
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The FNA smears of chronic lymphocytic thyroiditis (Hashimoto’s thyroiditis) typically show 
metaplastic Hürthle cells and follicular cells with possible reactive atypia (nuclear 
pseudoinclusions, nuclear grooves, prominent nucleoli), and abundant polymorphous 
lymphocytes and lymphohistiocytic aggregates (germinal centers) (Figure 2).  
 

 
Fig. 2. Chronic lymphocytic thyroiditis, FNA cytology, modified Giemsa (A) and 
Papanicolaou stain (B), 400x. FNA smears show nests of metaplastic Hürthle cells infiltrated 
with lymphocytes, and background of polymorphous lymphocytes and lymphohistiocytic 
aggregates (follicular germinal center). 

FNA results with benign cytology should account for 67 – 70% of cases(Cibas and Ali 2009). 
Postoperative risk of malignancy in thyroid nodules with benign cytology should be 
approximately 5% with a negative predictive value (NPV) of 95% according to the 2009 
American Thyroid Association (ATA) guidelines(Cooper, Doherty et al. 2009) and 0 – 3% 
according to the 2007 TBSRTC(Layfield, Cibas et al. 2010) . Other studies showed an average 
of 6% with a range from 1 – 18% (Cibas and Ali 2009; Lewis, Chang et al. 2009; Wang, 
Friedman et al. 2010).  Further immediate diagnostic studies or treatment are not routinely 
required(Cooper, Doherty et al. 2009). Some authors suggested that patients be followed up 
with repeated assessment by palpation or ultrasound at 6- to 18-month intervals and should 
be followed-up for at least 3 – 5 years(Layfield, Abrams et al. 2008; Cooper, Doherty et al. 
2009). If the nodule shows significant growth (20% increase in nodule diameter with a 
minimum increase in two or more dimensions of at least 2 mm(Cooper, Doherty et al. 2009)) 
or shows “suspicious” sonographic changes, a repeated FNA is considered. 

2.4.3 Category: Atypia of undetermined significance (AUS) or follicular lesion of 
undetermined significance (FLUS) 
AUS/FLUS includes cases in which the cytomorphologic findings are not representative of a 
benign lesion such as a hyperplasticadenomatoid nodule, yet the degree of cellular or 
architectural atypia is not sufficient to render an interpretation of follicular 
neoplasmsuspicious for a follicular neoplasm or suspicious for malignancy. This diagnosis 
may also be used in thyroid FNA specimens that are less than optimal due to limited 
cellularity, poor fixation and presence of obscuring blood. AUS cases account for 3 – 6% of 
thyroid FNAs(Yang, Schnadig et al. 2007; Yassa, Cibas et al. 2007). Postoperative risk of 
malignancy in nodules with atypical cytology is 16% on average with ranges from 5 – 
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Friedman et al. 2010).  Further immediate diagnostic studies or treatment are not routinely 
required(Cooper, Doherty et al. 2009). Some authors suggested that patients be followed up 
with repeated assessment by palpation or ultrasound at 6- to 18-month intervals and should 
be followed-up for at least 3 – 5 years(Layfield, Abrams et al. 2008; Cooper, Doherty et al. 
2009). If the nodule shows significant growth (20% increase in nodule diameter with a 
minimum increase in two or more dimensions of at least 2 mm(Cooper, Doherty et al. 2009)) 
or shows “suspicious” sonographic changes, a repeated FNA is considered. 

2.4.3 Category: Atypia of undetermined significance (AUS) or follicular lesion of 
undetermined significance (FLUS) 
AUS/FLUS includes cases in which the cytomorphologic findings are not representative of a 
benign lesion such as a hyperplasticadenomatoid nodule, yet the degree of cellular or 
architectural atypia is not sufficient to render an interpretation of follicular 
neoplasmsuspicious for a follicular neoplasm or suspicious for malignancy. This diagnosis 
may also be used in thyroid FNA specimens that are less than optimal due to limited 
cellularity, poor fixation and presence of obscuring blood. AUS cases account for 3 – 6% of 
thyroid FNAs(Yang, Schnadig et al. 2007; Yassa, Cibas et al. 2007). Postoperative risk of 
malignancy in nodules with atypical cytology is 16% on average with ranges from 5 – 
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48%(Cibas and Ali 2009; Wang, Friedman et al. 2010), and 5 – 15% according to 2007 
TBSRTC(Layfield, Cibas et al. 2010). Patients with AUS cytology should be managed by 
undergoing an iodine123 scan, especially if serum TSH level is low. If the scan is “hot”, 
clinical follow-up with a repeated FNA in 3 – 6 months is recommended(Yassa, Cibas et al. 
2007; Cibas and Ali 2009; Layfield, Cibas et al. 2010). Repeat FNA will result in definitive 
interpretation in most of cases, however a repeat diagnosis of AUS occurs in about 20% of 
cases(Yassa, Cibas et al. 2007). If the scan is “cold”, the patient should be referred for 
surgery. 

2.4.4 Category: Follicular neoplasm or suspicious for a follicular neoplasm 
The category of follicular neoplasm or suspicious for a follicular neoplasm identifies a 
nodule that might be a follicular carcinoma (FC) and triages it for surgical lobectomy(Cibas 
and Ali 2009). The FNA smears are typically highly cellular, composed of abundant larger 
follicular cells arranged in microfollicles or trabeculae with crowding and nuclear 
overlapping, and have scant colloid (Figure 3)(Cibas and Ali 2009). FNA cytology cannot 
distinguish follicular carcinoma from benign follicular adenoma and sometimes 
adenomatoid nodule, because distinguishing a follicular carcinoma from follicular adenoma 
is based on identification of capsular invasion or vascular invasion of in the capsule.  
Distinguishing a follicular adenoma from adenomatoid nodule is based on the identification 
of entire capsulation. Diagnosis of follicular variant of papillary carcinoma is based on 
nuclear features, which, sometimes, is challenging.  
 

 
Fig. 3. Thyroid follicular lesion, FNA cytology, modified Giemsa stain, 100x (A) and 600x 
(B). FNA smears show abundant follicular cells arranged in microfollicles, and absence of 
colloid. 

This category accounts for 9 – 30% of FNA specimens(Hegedus 2004; Mihai, Parker et al. 
2009). Most cases in this category are benign follicular adenomas or adenomatoid nodules 
(up to 35%)(Yang, Schnadig et al. 2007). Postoperative risk of malignancy is 25% on average 
with a range from 14 - 49%(Cibas and Ali 2009; Wang, Friedman et al. 2010), and is 15 – 30% 
according to 2007 TBSRTC(Layfield, Cibas et al. 2010). Some cases are follicular carcinoma 
and others are follicular variant of papillary carcinoma(Yassa, Cibas et al. 2007). Hürthle cell 
variant should be specified due to different underlying genetics from follicular neoplasms. 
About 16% - 25% cases of Hürthle cell variant in this category are proven to be hyperplastic 
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proliferations of Hürthle cells in nodular goiter or lymphocytic thyroiditis(Giorgadze, Rossi 
et al. 2004; Pu, Yang et al. 2006). About 15% to 45% of nodules are malignant, and the 
remainder of the neoplasms prove to be Hürthle cell adenomas(Giorgadze, Rossi et al. 2004; 
Pu, Yang et al. 2006). If the reading is “Hürthle cell neoplasm”, either 
lobectomy/hemithyroidectomy or total thyroidectomy is recommended. When diagnosed 
by FNA as either Hürthle cell neoplasm or Hürthle cell lesion, males are much more likely 
to have malignant tumors than females(Wu, Clouse et al. 2008). 

2.4.5 Category: Suspicious for malignancy 
The “suspicious” category is used for those cases that show some nuclear features of 
papillary carcinoma or other malignancies, or have scant diagnostic cells due to sampling 
reason or small tumor (papillary microcarcinoma), but are not enough for diagnosis of 
malignancy. Postoperative risk of malignancy in thyroid nodules with suspicious for 
malignancy is 62% on average with a range from 42 – 87%, and is 65 – 75% according to 2007 
TBSRTC(Layfield, Cibas et al. 2010). The rest are usually follicular adenoma(Yang, Schnadig 
et al. 2007; Yassa, Cibas et al. 2007; Cibas and Ali 2009; Wang, Friedman et al. 2010). Nodules 
called suspicious for papillary carcinoma are resected by lobectomy, near total 
thyroidectomy, or thyroidectomy(Cooper, Doherty et al. 2009; Layfield, Cibas et al. 2010). 

2.4.6 Category: Malignant 
The category of malignancy is used whenever the cytomorphologic features are conclusive 
for a malignancy. The diagnosis of papillary thyroid carcinoma by FNA biopsy depends on 
nuclear features of follicular cells (enlarged and elongated nuclei with nuclear 
pseudoinclusion, nuclear grooves, powdery chromatin), and architectures (papillary versus 
follicular) (Figure 4). Other FNA features include psammomatous calcification, and “gum”-
like thick colloid. 
The characteristic FNA features of undifferentiated (anaplastic) carcinoma are presence of 
pleomorphic, markedly atypical spindle cells (Figure 5). 
The FNA features of thyroid medullary carcinoma are presence of pleomorphic polygonal 
tumor cells with characteristic neuroendocrine nuclear features “(salt and pepper”) and 
granular cytoplasm, which are present in a single cell pattern, loosely cohesive clusters, 
follicular and papillary architecture (Figure 6). Serum calcitonin screening is useful in 
detection of C-cell hyperplasia and medullary thyroid cancer. 
Large cell lymphoma is the predominant subtype, and consists of relatively monotonous 
populations of large, abnormal lymphoid cells(Morgen, Geddie et al. 2010). Marginal zone 
lymphoma is composed of small lymphocytes with plasmacytoid features(Morgen, Geddie 
et al. 2010). Amyloidosis may be seen.  
The FNA features of metastatic malignancies vary depending on the primary organs and 
subtypes (Figure 7).  
Approximately 3% to 7% of thyroid FNAs have conclusive features of malignancy, and most 
are papillary carcinomas(Yang, Schnadig et al. 2007; Cibas and Ali 2009). Postoperative risk 
of malignancy in thyroid nodules with malignant cytology averages 97% with a range from 
93-100%(Cibas and Ali 2009; Layfield, Cibas et al. 2010; Wang, Friedman et al. 2010).  Of the 
differentiated cancers, papillary cancer comprises about 85% of cases, follicular carcinoma 
comprises about 10%, and Hürthle cell carcinoma comprises 3%(Hundahl, Fleming et al. 
1998). Lobectomy for follicular carcinoma and Hürthle cell carcinoma and near total and 
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total thyroidectomy for papillary thyroid carcinoma is recommended. Postoperative 
radioiodine (RAI) remnant ablation is increasingly being used to eliminate the postsurgical 
thyroid remnant(Hay, Thompson et al. 2002). Thyroidectomy is not usually used for 
metastatic tumors, non-Hodgkin lymphomas, and undifferentiated carcinomas(Cibas and 
Ali 2009) 
 
 
 
 
 
 

 
 
 
 
 

Fig. 4. Papillary thyroid carcinoma, FNA cytology, modified Giemsa (A and B) and 
Papanicolaou (C and D), 600x (A, B and D) and 400x (C). FNA smears show follicular cells 
arranged in true papillae with fibrovascular cores (C), swirling (A, papillary cap), singles (B) 
and cohesive clusters (D), with enlarged and elongated nuclei containing fine granular 
chromatin (powering), nuclear pseudoinclusion and nuclear grooves, and slightly dense 
cytoplasm (squamoid). Psammomatous calcification (C) and “chewing gum” dense colloid 
are seen (B). 
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Fig. 5. Anaplastic thyroid carcinoma, FNA cytology, modifier Giemsa (A) and Papanicolaou 
stain (B), 600x. FNA smears show pleomorphic cells including bizarre spindle cells, atypical 
mitotic figure, and necrosis.  

 
 

 
 
Fig. 6. Thyroid medullary carcinoma, FNA cytology. FNA smears (A: modified Giemsa 
stain, 600x; B and C: Papanicolaou stain, 600x) show pleomorphic epithelial cells that are 
present in loosely clusters and microacini/microfollicles, have round or oval nuclei 
containing granular and coarse (“salt and pepper”) chromatin, some with prominent 
nucleoli, and scant to abundant cytoplasm, some with cytoplasmic granules. Amyloidosis is 
seen (C). Cellblock (D: H&E stain, 400x) shows tumor cells that form 
microacini/microfollicles and have scant to abundant eosinophilic cytoplasm. The tumor 
cells are positive for Calcitonin (E: 400x) and chromogranin (F: 400x) identified by 
immunohistochemical stains, confirming the diagnosis. 
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Fig. 7. Metastatic thymic carcinoma, FNA cytology. FNA smears (A: modified Giemsa stain, 
600x and B: Papanicolaou stain, 600x) show cohesive three dimensional clusters of epithelial 
cells with round to oval nuclei containing prominent nucleoli, and scant cytoplasm. 
Cellblock (C: H&E stain, 600x) shows cohesive sheets of tumor cells with same 
cytomorphology as seen in FNA smears and surrounded by dense fibrous tissue. The tumor 
cells are positive for CD5 (D: 600x) and partially positive for CK7 (E: 600x), while are 
negative for thyroglobulin (F: 600x), calcitonin (G: 600x), and chromogranin (H: 600x), which 
confirms the diagnosis of thymic carcinoma, and exclude thymic neoplasm (follicular and 
medullary neoplasm), and parathyroid neoplasm. 

2007 TBSRTC has been demonstrated to be excellent for reporting thyroid FNAs(Theoharis, 
Schofield et al. 2009). Each diagnostic category conveys specific risks of malignancy, which 
offers guidance for patient management. Routine second opinion review of indeterminate 
thyroid FNA biopsies can potentially obviate the need for diagnostic thyroidectomy in 25% 
of patients without increases in false negatives(Davidov, Trooskin et al. 2010). Routine 
second opinion review of FNA specimens increases sensitivity, specificity, positive 
predictive value, and negative predictive value(Tan, Kebebew et al. 2007). 

2.5 Immunohistochemistry used in thyroid lesions 
Immunohistochemical (IHC) stains are seldom used in thyroid FNA biopsy for follicular 
lesions. IHC can be performed on FNA cellblock or FNA smears.  
Thyroid follicular neoplasms and medullary carcinomas are positive for TTF-1. 
Conventional papillary thyroid carcinoma is immunoreactive for p53 (76%), galectin-3 
(100%), and EMA (50%), while are negative for p63(Koo, Shin et al. 2010). Diffuse sclerosing 
variant of papillary carcinoma is immunohistochemically positive for p63 (28.6%), p53 
(42.9%) galectin-3 (16.3%), EMA (40.8%)(Koo, Shin et al. 2010), and BCL-2(Koo, Shin et al. 
2010). Medullary thyroid carcinoma is positive for calcitonin. 
Immunohistochemical stains for CD3, CD20, CD79a, PAX-5, CD5, CD10, CD23, cyclin D1 
(BCL-1), BCL-1, BCL-6, alpha or lambda light chain, and other lymphoid markers are useful 
for diagnosis of lymphoma(Morgen, Geddie et al. 2010). Aliquot of FNA aspiration should 
be sent for flow cytometry analysis. 

2.6 Molecular tests used in thyroid nodular lesions 
Molecular tests can be performed on FNA specimens and can help in diagnosis and 
classification of thyroid nodules(Chudova, Wilde et al. 2010). Many molecular markers (e.g., 
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galectin-3(Bartolazzi, Orlandi et al. 2008; Kato and Fahey 2009), cytokeratin, BRAF(Lin, Liu 
et al. 2006; Pizzolanti, Russo et al. 2007; Sapio, Posca et al. 2007; Kato and Fahey 2009; 
Nikiforov, Steward et al. 2009), RAS(Nikiforov, Steward et al. 2009), RET/PTC(Pizzolanti, 
Russo et al. 2007; Sapio, Posca et al. 2007; Kato and Fahey 2009; Nikiforov, Steward et al. 
2009), TRK(Sapio, Posca et al. 2007), Pax8-PPARγ(Kato and Fahey 2009; Nikiforov, Steward 
et al. 2009), HBME-1(Kato and Fahey 2009), hTERT(Kato and Fahey 2009), miRNA(Kato and 
Fahey 2009), LOH at 10q23(Lin, Liu et al. 2006)) have been evaluated to improve diagnostic 
accuracy for indeterminate nodules(Sapio, Posca et al. 2007; Bartolazzi, Orlandi et al. 2008). 
Recent large prospective studies have confirmed the ability of genetic markers (BRAF, Ras, 
RET=PTC) and protein markers (galectin-3) to improve preoperative diagnostic accuracy for 
patients with indeterminate thyroid nodules diagnosed by FNA biopsy(Pizzolanti, Russo et 
al. 2007; Sapio, Posca et al. 2007; Bartolazzi, Orlandi et al. 2008; Franco, Martinez et al. 2009; 
Nikiforov, Steward et al. 2009). It is likely that some combination of molecular markers will 
be used in the future to optimize management of patients with indeterminate cytology on 
FNA specimens. BRAF mutations occur in approximately 44% (from 29 to 83% of papillary 
carcinoma, and can be used in diagnosis and as a target of treatment(Lassalle, Hofman et al. 
2010). With more and more basic and clinical translational research, molecular tests as an 
adjunctive diagnostic tool will increase the diagnostic accuracy of FNA biopsy with 
cytologic diagnoses of AUS/FLUS, follicular neoplasm/suspicious for follicular neoplasm, 
and suspicious for malignancy. However, molecular markers (Galectin-3, CITED1, HBME-1, 
Ras, RET/PTC, and PAX8/PPARγ) have been identified in some histopathologically 
classified benign nodules(Arora, Scognamiglio et al. 2008). Follicular adenomas and Hürthle 
cell adenomas have similar gene expression profile as malignant tumors(Arora, 
Scognamiglio et al. 2008). 
By detection of BRAF mutation and loss of heterozygosities (LOH), 66.7% papillary thyroid 
carcinomas (PTC), including 50% papillary microcarcinoma cases (<1 cm), were proved to 
be intrathyroid metastasis(Lin, Finkelstein et al. 2008). Patients with intrathyroid metastasis, 
including papillary microcarcinoma, had significantly increased lymph node metastasis(Lin, 
Finkelstein et al. 2008). LOHs of 17q21, 17p13, 10q23 and 22q13 may be important in 
predicting increased risk of lymph node metastasis(Lin, Finkelstein et al. 2008). LOH of 9p21 
was found at  the highest frequency in PTC (53.8%), followed by 1p36 (46.2%), 10q23 
(34.6%), and 22q13 (34.6%)(Lin, Finkelstein et al. 2008). Papillary microcarcinoma had 
acquired similar genomic mutations as conventional PTC (>1 cm), but higher frequencies of 
mutations of B-RAF, 1p36, 18q, and 22q13 were found in the larger PTC, suggesting that 
they might play a role in the aggressiveness of PTC(Lin, Finkelstein et al. 2008). Different 
profiles of mutations were observed in conventional, follicular variant, and diffuse 
sclerosing variant of PTC, which might influence the different morphological appearances 
and clinical courses(Lin, Finkelstein et al. 2008). Therefore, molecular analysis can separate 
multifocal independent primary PTC from intrathyroid metastatic PTC, and may be more 
important than tumor size in predicting lymph node metastasis, aggressiveness, and 
prognosis of PTC(Lin, Finkelstein et al. 2008). Microarray analysis has be used in thyroid 
FNA specimens(Lubitz, Ugras et al. 2006). 

3. Clinical workup of parathyroid lesions 
3.1 Introduction 
Primary hyperparathyroidism is a common problem encountered in clinical practice. 
Patients commonly present with elevated serum and urine calcium and parathyroid 
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3.1 Introduction 
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hormone (PTH) concentration. In most cases, the diagnosis is relatively straightforward. 
However, when imaging studies fail to localize the parathyroid adenoma or hyperplasia, 
management can be challenging.  
The gold standard to determine the cause of primary hyperparathyroidism is bilateral neck 
exploration. Minimally invasive parathyroidectomy is the preferred treatment of choice, but 
it requires the accurate localization of a parathyroid lesion by ultrasound imaging, Tc99-
sestamibi scan, and FNA combined with PTH test. Minimally invasive parathyroidectomy is 
not applicable in those patients who have coexisting thyroid cancers or nodules with 
suspicious cytology(Abraham, Duick et al. 2008) . 

3.2 Clinical workup of parathyroid lesions 
Ultrasound imaging and/or Tc99-sestamibi scan are used to localize the abnormal 
parathyroid glands. For the detection of the incidentalomas, the positive predictive value 
(PPV) of thyroid ultrasound was 21.4%(Kwak, Kim et al. 2009). In the overall patients, the 
sensitivity and PPV of ultrasound, Tc99-sestamibi scan, and ultrasound + Tc99-sestamibi scan 
to localize parathyroid adenoma are 96% and 91%, 92% and 87%, and 95% and 94%, 
respectively(Erbil, Salmaslioglu et al. 2007). FNA biopsy is seldom used in evaluation of 
parathyroid lesions, especially those that can be visualized by ultrasound. Some authors 
suggested that FNA is valuable in patients who have a nondiagnostic Tc99-sestamibi scan, 
with multiple enlarged parathyroid glands, prior failed surgery, differentiating parathyroid 
adenomas from posterior thyroid nodules, atypical location, and nonfunctioning 
parathyroid incidentalomas(Abraham, Duick et al. 2008; Vu and Erickson 2010). Cellular 
FNA specimens with features not typical for thyroid lesions should be triaged for PTH assay 
in the FNA rinse, which is useful to differentiate parathyroid lesions from thyroid 
lesions(Owens, Rekhtman et al. 2008; Ciuni, Ciuni et al. 2010; Lieu 2010). This technique is 
also used during operation(Lamont, McCarty et al. 2005). 

3.3 Fine needle aspiration biopsy of parathyroid lesions 
For the detection of the incidentalomas, the sensitivity of ultrasound guided FNA was 
41.7%, specificity was 97.7%, accuracy was 85.7%, PPV was 83.3%, and negative predictive 
value (NPV) was 86%(Kwak, Kim et al. 2009). The sensitivity of FNA-parathyroid hormone 
test was 92.9%, specificity was 100%, accuracy was 94.4%, PPV was 100%, and NPV was 
80%(Kwak, Kim et al. 2009). Overall, the sensitivity and positive predictive value of FNA-
PTH assay to localize parathyroid adenoma is higher compared with ultrasound, Tc99-
sestamibi scan, and ultrasound + Tc99-sestamibi scan(Erbil, Salmaslioglu et al. 2007).  
FNA aspirates of parathyroid lesions are often cellular(Absher, Truong et al. 2002; Owens, 
Rekhtman et al. 2008). FNA cytomorphologic features include small and monotonous to 
moderately anisokaryotic cells that are present in cohesive cellular disorganized sheets, 
cords, cohesive three-dimensional groups, papillary fragments, and microfollicles (in 90% of 
parathyroid adenomas and absence in parathyroid hyperplasia), have  round to oval 
hyperchromatic nuclei containing finely to coarsely granular chromatin and inconspicuous 
nucleoli, and have fragile, pale blue or finely granular cytoplasm with ill-defined 
borders(Absher, Truong et al. 2002; Liu, Gnepp et al. 2004; Owens, Rekhtman et al. 2008) 
(Figure 8). Isolated cells and naked nuclei are commonly present and sometimes 
predominate(Absher, Truong et al. 2002; Liu, Gnepp et al. 2004; Owens, Rekhtman et al. 
2008), and rare case shows lymphoid-like smears(Absher, Truong et al. 2002). Prominent 
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nucleoli, mitotic figures, and karyolysis are seen in parathyroid carcinoma(Hara, Oyama et 
al. 1998). Nuclear pleomorphism is seen in 33% of parathyroid adenoma and absent in 
parathyroid hyperplasia(Liu, Gnepp et al. 2004). A granular smear background is usually 
present(Owens, Rekhtman et al. 2008). Oncocytic parathyroid adenoma is a rare benign 
neoplasm. It is challenging to distinguish from thyroid Hürthle cell lesion on FNA biopsy, 
and may be misinterpreted as suspicious for Hürthle cell neoplasm(Paker, Yilmazer et al. 
2010) or Hürthle cell neoplasm. FNA reveals cellular smears containing monotonous 
oncocytic cells arranged in monolayered sheets, pseudopapillary structures and clusters 
within a rich vascular network(Paker, Yilmazer et al. 2010).  
 

 
Fig. 8. Parathyroid adenoma, FNA cytology, modified Giemsa (A) and Papanicolaou stain (B), 
600x. FNA smears show small and monotonous epithelial cells that are present in cohesive 
cellular disorganized sheets, three-dimensional groups and microfollicles, have  round to oval 
hyperchromatic nuclei containing finely to coarsely granular chromatin and inconspicuous 
nucleoli, and have fragile, pale or finely granular cytoplasm with ill-defined borders. 

Parathyroid cysts (PCS) are rare and rarely symptomatic except for swelling. PCS are 
divided into functional (hyperparathyroidism, hypercalcemia, and hypophosphatemia) and 
non-functional PCS that represent about 10% of PCS. The non-functional PCS are considered 
true PCS because their wall is lined by secretory epithelium, and the functioning PCS 
develop due to cystic degeneration of parathyroid gland adenomas. The ultrasound images 
demonstrate a cystic lesion. FNA aspirates clear liquid, which should be sent to chemistry 
laboratory to test PTH level(Absher, Truong et al. 2002; Ciuni, Ciuni et al. 2010; Lieu 2010). 
The first treatment is the aspiration FNA, which can be curative, but recurrences can be 
treated surgically(Ciuni, Ciuni et al. 2010). 
FNA of parathyroid adenomas may cause severe fibrosis complicating surgery and final 
histologic diagnosis(Norman, Politz et al. 2007), which could be avoided by using fine bore 
needles (25 – 27 gauge) and fewer passes (1 to 2 passes)(Abraham, Duick et al. 2008). Needle 
track implantation of parathyroid carcinoma has been reported, although it is extremely 
rare(Agarwal, Dhingra et al. 2006). 
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3.4 Immunohistochemistry in parathyroid lesions 
IHC stains for PTH, synaptophysin, chromagranin, NSE, and CD56 can be performed on 
FNA smears and cellblock for confirmation of parathyroid origin. 
The FNA cytomorphology of parathyroid adenoma shares some features with thyroid 
lesions, which may lead to misinterpretation as thyroid follicular lesion/neoplasm, 
medullary carcinoma, papillary carcinoma, and thyroid cyst(Absher, Truong et al. 2002; 
Owens, Rekhtman et al. 2008; Lieu 2010). Therefore, a PTH assay of needle rinse and IHC 
studies should be ordered for any case with an FNA cytomorphology that is not typical for 
thyroid lesion, PCS develop due to absence of colloid, and is a highly cellular specimen.  

4. Clinical workup of adrenal glands 
4.1 Introduction 
Adrenal gland is the fourth most frequent site of spread of tumors after lungs, liver, and 
bone(Willis 1973; Lloyd, Kawashima et al. 2004). Metastatic malignancies are far more 
common than primary malignancies of the adrenal gland(Lloyd, Kawashima et al. 2004). 
Adrenal metastases develop in 27% of patients dying with carcinomas(Abrams, Spiro et al. 
1950; Lloyd, Kawashima et al. 2004). The most common primary sites are the breast, lung, 
kidney, stomach, pancreas, ovary, and colon. Adrenal glands are also often involved by 
disseminated infectious diseases. 
The commonly encountered primary adrenal neoplasms include myelolipoma (2.5% of 
primary tumors)(Lam and Lo 2001), cortical adenoma (incidence, 1.5 – 7%)(Stewart 2002), 
cortical carcinoma (incidence, 1/1 million/year)(Lloyd, Tischler et al. 2004), and 
pheochromocytoma. Eighty five percent of adrenal cortical adenomas are 
nonfunctional(Stewart 2002), while 80% of adrenal cortical carcinomas are functional(Lloyd, 
Tischler et al. 2004). Adrenal cortical carcinoma is also associated with Li-Fraumeni 
syndrome, Beckwith-Wiedemann syndrome, and Carney complex. Pheochromocytoma is 
generally associated with clinical symptoms due to overproduction of catecholamines, 
intermittent, paroxysmal hypertension accompanied by sweating, palpitations, headache, 
diaphoresis, nervousness, nausea, vomiting, weakness, abdominal or chest pain.  

4.2 Fine needle aspiration biopsy of adrenal lesions 
FNA is often used to evaluate nodular or mass lesions of adrenal glands under the guidance 
of CT scan, ultrasound, EUS, and MRI scan. Application of FNA biopsy for incidentally 
discovered adrenal masses (incidentaloma) is controversial(Nurnberg 2005; Lumachi, 
Borsato et al. 2007; Quayle, Spitler et al. 2007). A thorough clinical history and radiographic 
studies (CT scan, MRI and norcholesterol scintigraphy) are very important in the work-
up(Lumachi, Borsato et al. 2007). It may be difficult in some cases for FNA to distinguish 
benign (non-neoplastic or adenoma) from malignant adrenal cells with certainty(Tikkakoski, 
Taavitsainen et al. 1991), although a report stated that FNA cytology combined with clinical 
presentations (symptoms and endocrine function) and imaging studies (CT scan, MRI and 
norcholesterol scintigraphy) can increase diagnostic accuracy to 100%(Lumachi, Borsato et 
al. 2007). In addition, other reports stated that image-guided FNA cytology is a safe and 
sensitive procedure and should be performed in all patients with incidentally discovered 
adrenal masses with high sensitivity (83.3 - 100%), specificity (96.3 - 100%), positive 
predictive value (95.8 - 100%), negative predictive value (100%), and accuracy 
(97.6%)(Fassina, Borsato et al. 2000; Lumachi, Borsato et al. 2003).  
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The characteristic FNA cytologic features of myelolipoma are the presence of normal bone 
marrow hematopoietic cells (megakaryocytes, myeloid cells, and erythrocytic precursors) 
and mature adipose tissue in variable proportions(Settakorn, Sirivanichai et al. 1999) (Figure 
9). The differential diagnosis includes well-differentiated liposarcoma and hematopoietic 
tumors. 
 

 
Fig. 9. Adrenal myelolipoma, FNA cytology. FNA smear (A: modified Giemsa stain, 600x) 
and cellblock (B: H&E stain, 600x) show trilineage of hematopoietic cells, similar to the cells 
seen in normal bone marrow (megakaryocytes, myeloid cells and red blood cell precursors), 
adipocytes, and fat droplets. 

The characteristic FNA cytologic features of adrenal cortical neoplasm (adenoma and 
carcinoma) are the presence of loose aggregates, fascicles or microacini of polygonal cells 
with uniform or pleomorphic, round or oval nuclei containing granular chromatin and 
distinct nucleoli, and moderate to abundant, clear, delicate, vacuolated or granular 
cytoplasm with indistinct cell borders(Fassina, Borsato et al. 2000; Stelow, Debol et al. 2005; 
Ren, Guo et al. 2006) (Figure 10). Abundant naked nuclei and intranuclear pseudoinclusions 
may be present. A foamy background of lipid droplets is always seen. The cells of adrenal 
cortical adenoma are smaller and less pleomorphic than carcinoma. Mitoses and necrosis are 
more frequently seen in carcinoma. Differential diagnosis includes non-neoplastic adrenal 
cortex, nodular hyperplasia, pheochromocytoma, metastatic renal cell carcinoma, 
hepatocellular carcinoma, and small blue cell tumor (when aggregates of naked nuclei are 
present).  
FNA biopsy should be performed carefully in cases that are clinically suspicious for 
pheochromocytoma due to possible fatal hypertensive crisis or hemorrhage. Therefore, 
biochemical testing for pheochromocytoma should be performed before biopsy of adrenal 
masses. The characteristic FNA findings of pheochromocytoma are presence of bland to 
pleomorphic epithelioid or spindle cells present singly or in discohesive nests (zellballen) 
and acinar-microglandular structures or rosettes(Jimenez-Heffernan, Vicandi et al. 2006) 
(Figure 11). The tumor cells have single or multiple eccentrically-located (plasmacytoid), 
round to oval nuclei with prominent nucleoli and granular chromatin(Jimenez-Heffernan, 
Vicandi et al. 2006). Large intranuclear inclusions, binucleation or multinucleation, and 
naked nuclei are commonly seen(Jimenez-Heffernan, Vicandi et al. 2006). The cytoplasm is 
abundant, and delicate, granular or “squamoid” with ill-defined cell borders(Jimenez-
Heffernan, Vicandi et al. 2006). Hyaline globules and rarely melanin pigment may be seen in 
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the cytoplasm. Differential diagnosis includes adrenal cortical neoplasm, metastatic 
adenocarcinoma, melanoma and neuroendocrine neoplasms.  
 

 
Fig. 10. Adrenal cortical neoplasms (adenoma, A to E, and carcinoma, F), FNA cytology. 
FNA smears (A: modified Giemsa stain, 600x; B: Papanicolaou stain, 600x) show loose 
aggregates or fascicles of polygonal cells with slightly pleomorphic, round or oval nuclei 
containing granular chromatin and distinct nucleoli, and moderate to abundant, clear, 
delicate, vacuolated or granular cytoplasm with indistinct cell borders. A foamy background 
of lipid droplets is seen. Cellblock (C: H&E stain, 600x) shows the sheets of polygonal cells 
with either granular or vacuolated cytoplasm. The tumor cells are positive for S-100 (D, 
600x) and inhibin (E, 600x). The cells of adrenal cortical carcinoma are larger and more 
pleomorphic than adenoma (F: FNA smear, Papanicolaou stain, 600x). 

FNA is an important tool to diagnose adrenal metastases. FNA findings vary depending on 
the primary site of the metastatic malignancies. Comparison with morphology of the known 
primary malignancy should be performed. Immunohistochemical stains are very useful in 
narrowing the differential diagnosis. Adrenal tumors are positive for melan A and inhibin 
and negative for epithelial membrane antigen (EMA). 
When FNA smears show abundant inflammatory cells, benign adrenal glandular epithelial 
cells, necrosis or granulomas, an infectious lesion should be considered. An aliquot of FNA 
should be sent for culture, or molecular tests, and special stains (GMS, PAS, AFB, FITE, and 
GRAM) should be ordered on cytospin, smear, or cellblock. 
Complications of adrenal FNA biopsy include hypertension, hematoma of liver, thorax and 
duodenum(Quijano and Drut 1989), and pneumothorax(Lumachi, Borsato et al. 2007).  

4.3 Immunohistochemistry and special stains 
The following special and IHC stains are useful in primary adrenal lesions. Special stains 
(chloroacetate esterase, myeloid peroxidase) or immunostains (factor VIII) are helpful to 
confirm the myeloid nature of the immature cells in myelolipoma. Adrenal cortical non-
neoplastic and neoplastic cells are positive for inhibin, A103 and melan A, while negative for 
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CK7, CK20, and chromogranin. Pheochromocytoma cells are positive for chromogranin, 
synaptophysin and NSE, and are negative for EMA and cytokeratins. Sustentacular cells are 
positive for S-100. 
 

 
Fig. 11. Adrenal pheochromocytoma, FNA cytology. FNA smear shows pleomorphic 
epithelial cells present in loosely cohesive nests (zellballen), acinar/microglandular 
structures or rosettes. The tumor cells have single eccentrically-located (plasmacytoid), 
round to oval nuclei with prominent nucleoli and granular chromatin, naked nuclei, and 
abundant, delicate or granular cytoplasm with ill-defined cell borders. Cellblock (B: H&E 
stained, 600x) shows nests of epithelial cells with abundant eosinophilic granular cytoplasm 
that surrounded by spindle cells and capillaries. Tumor cells are positive for chromogranin 
(C: 600x), and surrounded spindle cells (sustentacular cells) are positive for S-100 (D: 600x). 

5. Conclusion 
In summary, a nodule or mass found in the endocrine organs should be evaluated 
thoroughly, no matter with or without clinical symptoms. Based on clinical presentation, 
past medical history, imaging studies, and laboratory tests, clinicians should evaluate if 
further investigation by FNA or needle core biopsy with accessory studies (special stains, 
IHC or molecular studies) is valuable for accurate diagnosis and making decision of suitable 
therapy (follow-up, surgical excision, chemotherapy including targeted chemotherapy, or 
radiation). 
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Fig. 12. Metastatic hepatocellular carcinoma to adrenal gland, FNA cytology. FNA smears 
(A and B, modified Giemsa stain, 600x) show loosely cohesive epithelial cells with round or 
oval hyperchromatic nuclei containing 1 to 3 prominent nucleoli and coarse chromatin, and 
fragile moderate granular cytoplasm (A),  or cohesive 3 dimensional clusters of epithelial 
cells surrounded by endothelial cells of vessels (B). Cellblock (C: H&E stain, 600x) shows 
thickened or pseudoglandular epithelial cells with moderate granular cytoplasm and 
surrounded by endothelial cells, typical histologic features of hepatocellular carcinoma. The 
tumor cells are positive for HepPar-1, a marker for hepatocytes and hepatocellular 
neoplasms (D: 600x). 
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1. Introduction 
Thyroid is a H-shaped gland localised in front of trachea at the base of the neck, whose main 
functions are the synthesis, the storage and the secretion of thyroid hormones under the 
control of the hypothalamic–pituitary axis. Thyroid is comprised of spherical follicles filled 
with colloid that are lined by cuboidal/flat epithelial cells denoted follicular cells (or 
thyrocytes). The other hormone-producing cells in the thyroid gland are scattered within 
follicles, and are denoted para-follicular cells (or C cells). Whereas follicular cells are 
responsible for iodine uptake and thyroid hormone synthesis, C cells are dedicated to the 
production of calcitonin (Dumont et al., 1992).  
Cancers that arise in the thyroid gland represent the most common malignancy of the 
endocrine system and accounts for approximately 1% of all newly diagnosed cancer cases in 
Western countries, with estimates of annual incidence rates of 12 cases per 100,000 in North 
America and 5.6 new cases per 100,000 in Europe (Gilliland et al., 2009). Incidence rates of 
thyroid cancer widely vary worldwide, possibly because of inherent ethnic geographical or 
environmental differences that include iodine deficiency and radiation exposure. For 
instance the incidence of thyroid cancer is high in the Chinese and Filipino population of 
Hawaii (119 cases/million women and 45 cases/million men, respectively) and it is 
relatively low in Poland (14 cases/million women and 4 cases/million men, respectively) 
(Ain, 1995). The most common forms of thyroid carcinoma derive either from thyroid 
follicular epithelial cells or from C cells (Sherman, 2003). The former include well-
differentiated carcinoma (WDTC) - divided into (PTC) and follicular thyroid carcinoma 
(FTC) -, poorly differentiated carcinoma (PDTC) and anaplastic thyroid carcinoma (ATC) 
(Rosai et al., 1992; DeLellis et al., 2004). PTC is the most frequent type of thyroid 
malignancy, and accounts for approximately 80-85% of all cases, FTC accounts for 
approximately 10-15% of all thyroid tumors whereas PDTC and ATC are rare aggressive 
malignancies (2% of all thyroid cancer) that can develop either directly or from pre-existing 
well-differentiated PTC and FTC. Thyroid cancer derived from para-follicular C cells is 
denoted Medullary Thyroid Carcinoma (MTC). MTC is a relatively rare malignancy (<5%) 
and will not be discussed here. Most neoplasms derived from thyroid follicular epithelial 
cells are indolent tumours that can be effectively treated by surgical resection and/or 
radioactive-iodine administration. Usually, PTC and FTC are well-differentiated tumours 
with a fairly good prognosis that are generally curable with current treatments (Sherman, 
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2003). By contrast, PDTC and ATC represent partially or completely undifferentiated form 
of thyroid cancer that behave aggressively, and for which there is currently no effective 
treatment. Accordingly, patients with PDTC or ATC have a mean life expectancy of few 
months, representing the major therapeutic challenge for thyroid cancer therapy (Cornett et 
al., 2007). A study of nearly 16,000 patients in the United States estimated the survival rates 
for the various types of thyroid cancer to be 98% for PTC, 92% for FTC, and 13% for ATC. 
The main cause of thyroid cancer-related mortality is due to the surgical inoperability at 
diagnosis of many patients and to the frequent insensitivity exhibited by advanced thyroid 
cancer patients to radioiodine treatment. Therefore, there is the need for ameliorating the 
comprehension of thyroid tumorigenesis and for improving the treatment of patients with 
PDTC and ATC. This Chapter will focus on the mechanisms that underlie onset and 
progression of the more common neoplasms that originate from thyroid follicular cells and 
on novel targeted therapeutic strategies developed to treat thyroid cancer patients.  

1.1 Epidemiology and risk factors of thyroid cancer 
The main risk factors identified so far that contribute to the development of thyroid 
carcinoma are radiation exposure, reduced iodine intake, thyroiditis, hormonal factors and 
family history. Radiation exposure, especially if during infancy, represents the most 
important risk factor for PTC development, as demonstrated by several studies on the 
consequences of the explosions of atomic bombs of Hiroshima and Nagasaki (1945), nuclear 
testing in the Marshall Islands (1954) and Nevada (1951–1962), and of the more recent 
nuclear accident in Chernobyl (1986). Exposure to internal sources of 131I as after the 
Chernobyl nuclear accident has led to a 3- to 75-fold increase in the incidence of PTC, with 
the highest effects most pronounced in children (Cardis et al., 2005). Similarly, exposure to 
external beam-radiation delivered between 1920 and 1950 for the treatment of benign 
conditions of the head and neck - such as thymic enlargement, tonsillitis, acne, and adenitis - 
and currently for Hodgkin’s lymphoma, also has increased the risk of PTC of 3 to 9 fold per 
Gy. As suggested above, radiation exposure during childhood is more likely to produce 
thyroid neoplasia than similar exposure at a later age, because of the greater cellular mitotic 
activity shown by thyrocytes in the young. There is a linear relationship between radiation 
doses and the incidence of thyroid nodules and cancer. Most nodules tend to occur within 
10 to 20 years of exposure, but the risk for development of malignant nodules may exist for 
over 40 years. The typical molecular lesion induced by radiation seems to be the 
chromosomal rearrangement as opposed to point mutation as a mode of aberrant gene 
activation associated to iodine deficiency (Ron et al., 1995). 
A second risk factor for well-differentiated thyroid carcinoma is iodine deficiency (Sherman, 
2003). Dietary iodine deficiency results in thyroid proliferation as a compensatory 
mechanism, which is the likely cause of goiter development. Interestingly, the incidence of 
FTC is higher in areas of iodine deficiency whereas PTC is the most frequent type of thyroid 
cancer in iodine-sufficient regions. However, the role of iodine in thyroid carcinogenesis is 
still unclear. Studies in experimental thyroid cancer systems have suggested that the role of 
iodine in thyroid carcinogenesis can be to modulate tumour morphology, causing the 
change from follicular to papillary morphology, more than decreasing overall tumor 
incidence (Yamashita et al., 1990). Another recognised risk factor that might predispose to 
the development of thyroid malignancies is the presence of some underlying inflammatory 
thyroid diseases (i.e. thyroiditis). Indeed, about a third of patients affected by thyroid 
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carcinoma present benign thyroid disease such as Hashimoto’s disease, multinodular or 
adenomatoid goiter. Moreover, the finding that PTC frequently contains lymphocytic 
infiltration indicates that immunological factors might be involved in the initiation and/or 
progression of thyroid carcinoma. Recent studies have identified precursor lesions 
embedded inside chronic lymphocytic thyroiditis, though it remains to be determined 
whether this represents a reactive response or a prerequisite for tumorigenesis (Gasbarri et 
al., 2004). Thyroid cancer presents a marked sex- and age-specific incidence, being 2–4 times 
more frequent in females than in males (Gilliland et al, 2009; Sherman, 2003). This suggests 
that female hormones might regulate thyroid carcinogenesis. However, although it has been 
shown that oestrogen promotes the proliferation of thyrocytes there is no clear causal 
relationship between thyroid cancer and pregnancy or the use of exogenous sex hormones. 
Finally, the existence of a genetic component that may predispose to development of thyroid 
cancer has been also suggested. Family history with a parent or a sibling affected by 
follicular cell-derived thyroid carcinoma increases risk 3.2- and 6.2-fold, respectively 
(Hemminki et al., 2005). Putative susceptibility loci have been identified on chromosomes 
1q21, 2q21, and 19p13.2.21. Other thyroid cancer susceptibility loci have been identified in 
familial tumour syndromes that predispose to PTC in association with papillary renal cell 
carcinoma (1q21), clear-cell renal-cell carcinoma ((3;8)(p14.2;q24.1)), and multinodular goiter 
(19p13.2) (Eng, 2000). Finally, familial thyroid cancers have been associated with inherited 
tumour syndromes that include familial Polyposis coli and the related Gardner and Turcot 
syndromes (associated with mutations in the adenomatosis polyposis coli gene (APC)), 
Cowden disease (associated with mutations in the phosphatase with tensin homology gene 
(PTEN)), Werner syndrome (associated with mutations in the WRN gene) and Carney 
complex (associated with mutations in the PRKAR1A gene, encoding the type 1A regulatory 
subunit of protein kinase) (Lindor & Greene, 2008).  

1.2 Molecular pathogenesis of thyroid cancer  
Tumors originating from thyroid follicular cells provide an excellent model to understand 
the development of human cancer. Thyroid nodules can be either benign tumors 
(hyperplastic goiter, adenoma) or malignant cancers. Knowledge of the molecular events 
that govern human thyroid tumorigenesis has grown considerably in the past twenty years 
leading to the identification of key genetic alterations and new oncogenic pathways 
implicated in cancer initiation and/or development (Nikiforova & Nikiforov 2008; Xing, 
2008). In addition, it has become apparent that distinct molecular events are associated with 
specific stages of the multistep tumorigenic process, with a good genotype/phenotype 
correlation. In this section we will briefly review the pathological features of thyroid benign 
and malignant tumors, describing the molecular alterations identified so far. 

1.2.1 Benign tumors 
Goiter is an enlargement of the thyroid gland that is caused either by a primary thyroid 
disease or by aberrant stimulation of the gland due to an excess of blood hormone levels, 
autoantibodies or other factors. Thyroid adenomas represent benign epithelial tumours in 
which the cells are derived from the follicular epithelium and form recognizable follicular 
structures composed mostly of terminally differentiated thyrocytes (Figure 1). At the 
molecular levels, benign hyperfunctioning thyroid nodules as well as thyroid adenomas 
have been associated with activating mutations in the gene encoding the thyroid-
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adenomatoid goiter. Moreover, the finding that PTC frequently contains lymphocytic 
infiltration indicates that immunological factors might be involved in the initiation and/or 
progression of thyroid carcinoma. Recent studies have identified precursor lesions 
embedded inside chronic lymphocytic thyroiditis, though it remains to be determined 
whether this represents a reactive response or a prerequisite for tumorigenesis (Gasbarri et 
al., 2004). Thyroid cancer presents a marked sex- and age-specific incidence, being 2–4 times 
more frequent in females than in males (Gilliland et al, 2009; Sherman, 2003). This suggests 
that female hormones might regulate thyroid carcinogenesis. However, although it has been 
shown that oestrogen promotes the proliferation of thyrocytes there is no clear causal 
relationship between thyroid cancer and pregnancy or the use of exogenous sex hormones. 
Finally, the existence of a genetic component that may predispose to development of thyroid 
cancer has been also suggested. Family history with a parent or a sibling affected by 
follicular cell-derived thyroid carcinoma increases risk 3.2- and 6.2-fold, respectively 
(Hemminki et al., 2005). Putative susceptibility loci have been identified on chromosomes 
1q21, 2q21, and 19p13.2.21. Other thyroid cancer susceptibility loci have been identified in 
familial tumour syndromes that predispose to PTC in association with papillary renal cell 
carcinoma (1q21), clear-cell renal-cell carcinoma ((3;8)(p14.2;q24.1)), and multinodular goiter 
(19p13.2) (Eng, 2000). Finally, familial thyroid cancers have been associated with inherited 
tumour syndromes that include familial Polyposis coli and the related Gardner and Turcot 
syndromes (associated with mutations in the adenomatosis polyposis coli gene (APC)), 
Cowden disease (associated with mutations in the phosphatase with tensin homology gene 
(PTEN)), Werner syndrome (associated with mutations in the WRN gene) and Carney 
complex (associated with mutations in the PRKAR1A gene, encoding the type 1A regulatory 
subunit of protein kinase) (Lindor & Greene, 2008).  

1.2 Molecular pathogenesis of thyroid cancer  
Tumors originating from thyroid follicular cells provide an excellent model to understand 
the development of human cancer. Thyroid nodules can be either benign tumors 
(hyperplastic goiter, adenoma) or malignant cancers. Knowledge of the molecular events 
that govern human thyroid tumorigenesis has grown considerably in the past twenty years 
leading to the identification of key genetic alterations and new oncogenic pathways 
implicated in cancer initiation and/or development (Nikiforova & Nikiforov 2008; Xing, 
2008). In addition, it has become apparent that distinct molecular events are associated with 
specific stages of the multistep tumorigenic process, with a good genotype/phenotype 
correlation. In this section we will briefly review the pathological features of thyroid benign 
and malignant tumors, describing the molecular alterations identified so far. 

1.2.1 Benign tumors 
Goiter is an enlargement of the thyroid gland that is caused either by a primary thyroid 
disease or by aberrant stimulation of the gland due to an excess of blood hormone levels, 
autoantibodies or other factors. Thyroid adenomas represent benign epithelial tumours in 
which the cells are derived from the follicular epithelium and form recognizable follicular 
structures composed mostly of terminally differentiated thyrocytes (Figure 1). At the 
molecular levels, benign hyperfunctioning thyroid nodules as well as thyroid adenomas 
have been associated with activating mutations in the gene encoding the thyroid-
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stimulating hormone receptor (TSHR) or the GNAS1 gene encoding the GSα subunit of the 
TSHR-coupled guanine nucleotide-binding proteins (G-proteins). Both mutations 
constitutively activate the adenylyl cyclase–cyclic AMP (cAMP) cascade thereby regulating 
the growth of follicular cells (Krohn et al., 2005).  
 

 
Fig. 1. Different histotypes of human thyroid cancer. A, Normal Thyroid. B, Adenoma. C, 
Classical Papillary Thyroid Carcinoma. D, Follicular Thyroid Carcinoma. E, Poorly 
Differentiated Thyroid Carcinoma. F, Anaplastic Thyroid Carcinoma; G. Typical PTC 
characterized by the presence of papillae, crowded nuclei with grooves and "ground glass" 
appearance. H, Hurthle-cell Thyroid Carcinoma. Courtesy of Dr. Renato Franco (INT 
Fondazione Pascale, Napoli, Italy). 

1.2.2 Malignant cancers 
Well-differentiated thyroid carcinomas are composed of differentiated follicular epithelial 
cells. Most well-differentiated thyroid cancers behave in an indolent manner and have an 
excellent prognosis. There are two main groups, PTC and FTC, each of which has several 
variants. PTC might occur in several histologic subtypes including classical form with 
papillary architecture, follicular variant, oncocytic variant (or Hurthle-cell variant), tall-cell 
variant or solid and cribriform types, each showing distinct patterns of growth and clinical 
behaviours (Rosai et al., 1992; DeLellis et al., 2004). The classical form of PTC is the most 
common and is a relative indolent disease with good prognosis. It is characterized by 
distinctive features such as the presence of papillae (consisting of a well-defined 
fibrovascular core surrounded by one or two layers of tumor cells), crowded nuclei with 
grooves and "ground glass" appearance, cytoplasmic pseudoinclusions caused by a 
redundant nuclear membrane, and Psammoma body (scarred and calcified remnants of 
infarcted papillae) (Figure 1C and G). Follicles and colloid are typically absent in PTC. The 
follicular variant accounts for approximately 10% of all PTC. It presents with cells organized 
into follicles rather than papillae, but at the cytological level, it displays the typical nuclear 
features of PTC. Overall survival and recurrence rates of follicular variant PTC are similar to 
those shown by the common type. By contrast, the tall-cell variant PTC is more aggressive, 
being characterized by cells with eosinophilic cytoplasm that are twice as tall as they are 
wide (Stojadinovic et al., 2001). In the tall-cell variant tumors tend to be large and invasive, 
and frequently patients present both local and distant metastases at the time of diagnosis. 
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The most studied pathway involved in PTC tumorigenesis is the RTK/RAS/BRAF/MAP 
kinase pathway, which is apparently essential for the development of PTC (Nikiforova & 
Nikiforov 2008; Xing, 2008). By contrast, this pathway seems to play a more limited role in 
FTC. At least three initiating events have been shown to occur in PTC: i) point mutations in 
the RAS genes; ii) point mutations in the BRAF gene; and iii) rearrangements of RET/PTC 
or neurotrophic tyrosine kinase receptor 1 (NTRK1) following radiation exposure 
(Nikiforova & Nikiforov 2008; Xing, 2008). The occurrence of mutually exclusive mutations 
of RET/PTC, TRK1, RAS or BRAF provides compelling genetic evidence for the critical role 
of the MAPK pathway in onset and/or progression of PTC. Unregulated activation of other 
tyrosine kinase receptors such as EGFR or MET may also represent a common step in the 
onset of PTC. See Table 1 for a summary of genetic alterations detected in thyroid cancer. 
FTC is composed of well-differentiated follicular epithelial cells that lack the nuclear 
features of PTC that is characterized by haematogenous spread (Figure 1D). Typically, these 
tumors are encapsulated, and presents invasion along the capsule or across vascular 
endothelium (Rosai et al., 1992; DeLellis et al., 2004). Although cytologic features do not 
reliably allow discriminate between benign and malignant follicular lesions FTC may be 
distinguished from benign adenoma on the basis of the presence of invasive foci determined 
at the histological level. At difference with PTC, where the lack of a pre-malignant precursor 
has hindered the identification of the key steps in malignant transformation, it is generally 
hold that FTC may arise from benign thyroid adenoma as a result of transforming events. 
The two known initiating events in FTC are RAS mutations and the chromosomal 
translocation t(2;3)(q13;p25) that fuses the DNA binding domain of PAX8 to peroxisome 
proliferator-activated receptor (PPAR) (PAX8-PPARNikiforova & Nikiforov 2008 
Mutations in RAS, which are common in follicular adenomas, may lead to greater genomic 
instability, with increased allelic loss and more risk for transforming PAX8-PPAR 
rearrangements that lead to development of FTC. Aberrant activation of the 
phosphatidylinositol-3 kinase (PI3K)/AKT pathway plays a fundamental role in FTC. 
Alterations within the PI3K/AKT pathway detected so far in thyroid tumors include 
mutations and genomic amplification/copy gain of the p110 catalytic subunit of PI3K 
(PIK3CA), PIK3CB, AKT1 and AKT2 and loss of PTEN through inactivating mutations, 
LOH or promoter methylation. Most of these genetic alterations are particularly common in 
FTC and in ATC but less common in PTC, in which the MAP kinase pathway, activated by 
the BRAF mutation or RET/PTC rearrangements, apparently plays a major role Nikiforova 
& Nikiforov 2008; Xing, 2008. Many of these genetic alterations are mutually exclusive with 
increasing co-existence in ATC.  
Variants of FTC include oncocytic (Hurthle-cell) and clear-cell types. Hurthle cell tumours 
are formed by cells containing numerous altered mitochondria, which confer the typical 
granular, eosinophilic appearance to their cytoplasm (Stojadinovic et al., 2001) (Figure 1H). 
Most Hurthle cell tumours have a follicular architecture and are diagnosed as adenoma or 
carcinoma on the basis of the same criteria applied to other follicular tumors - the 
identification of invasive behaviour. A Hurthle-cell variant of PTC also exists, though it is 
much less common than typical PTC. They present RET rearrangements and BRAF 
mutations and tends to be more aggressive than classical PTC (Cheung et al., 2000). 
Deletions and/or point mutations in mitochondrial DNA (mtDNA) are common in non-
neoplastic and neoplastic thyroid cells that show morphological oncocytic changes (Yeh et 
al., 2000). However, although a role of mtDNA mutation in cell growth and tumorigenicity  
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stimulating hormone receptor (TSHR) or the GNAS1 gene encoding the GSα subunit of the 
TSHR-coupled guanine nucleotide-binding proteins (G-proteins). Both mutations 
constitutively activate the adenylyl cyclase–cyclic AMP (cAMP) cascade thereby regulating 
the growth of follicular cells (Krohn et al., 2005).  
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features of PTC that is characterized by haematogenous spread (Figure 1D). Typically, these 
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endothelium (Rosai et al., 1992; DeLellis et al., 2004). Although cytologic features do not 
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distinguished from benign adenoma on the basis of the presence of invasive foci determined 
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FTC and in ATC but less common in PTC, in which the MAP kinase pathway, activated by 
the BRAF mutation or RET/PTC rearrangements, apparently plays a major role Nikiforova 
& Nikiforov 2008; Xing, 2008. Many of these genetic alterations are mutually exclusive with 
increasing co-existence in ATC.  
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are formed by cells containing numerous altered mitochondria, which confer the typical 
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Most Hurthle cell tumours have a follicular architecture and are diagnosed as adenoma or 
carcinoma on the basis of the same criteria applied to other follicular tumors - the 
identification of invasive behaviour. A Hurthle-cell variant of PTC also exists, though it is 
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Table 1. Molecular alterations in thyroid carcinoma (from Kondo et al., 2006, modified).  

has been reported in some studies, it is as yet unclear whether mtDNA mutation contributes 
to initiation and/or progression of thyroid cancer or only to the oncocytic phenotype. The 
finding of missense germ-line and somatic mutations in the GRIM19 (a nuclear gene located 
on chromosome 19p13.2) in oncocytic variant of FTC and PTC, but not in oncocytic 
adenoma or non-oncocytic carcinomas, suggests a dual function of this gene in 
mitochondrial metabolism and cell transformation (Maximo et al., 2005). PDTC shows loss 
of structural and functional differentiation, which implies they are intermediate between 
well-differentiated and undifferentiated thyroid carcinomas (Rosai et al., 1992; DeLellis et 
al., 2004; Cornett et al., 2007). Characteristically, these lesions show widely infiltrative 
growth, necrosis, vascular invasion and numerous mitotic figures (Figure 1E). Insular 
carcinomas are placed in this category. Typically, insular carcinoma is composed of small 
cells arranged in nests with numerous mitotic figures, necrosis, vascular invasion and 
infiltrative growth. ATC is composed, wholly or partially, of undifferentiated cells without 
the typical features of follicular-cell differentiation (Figure 1F). ATC develops from more 
differentiated tumors as a result of one or more dedifferentiating steps. Accordingly, half 
patients with ATC have either a prior or coexistent differentiated carcinoma (Rosai et al., 
1992; DeLellis et al., 2004). ATC is a highly aggressive tumour, with a disease-specific 
mortality approaching 100% (Cornett et al., 2007). Patients with anaplastic carcinoma 
present with extensive local invasion, and distant metastases are found at disease 
presentation in 15 to 50% of patients. There is currently no effective treatment for ATC and 
death usually occurs within 1 year of diagnosis. ATC displays three main morphological 
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patterns: squamoid, pleomorphic giant cell and spindle cell. At the molecular levels, it is 
apparent that tumors harboring mutant BRAF and RAS are prone to progress towards 
PDTC or ATC. According to this hypothesis, PDTC and ATC develop from more 
differentiated tumors as a result of one or more dedifferentiating steps. Particularly, loss of 
p53 and mutations of -catenin, which are found with increasing incidence in PDTC and 
ATC compared to well-differentiated tumors, may serve as a direct molecular trigger of 
tumor dedifferentiation (Table 1) (Nikiforova & Nikiforov 2008). 
In conclusion, the simplified view of thyroid tumorigenesis depicted here holds that genetic 
alterations in the PI3K/AKT pathway promote thyroid cell transformation to FTC and that 
rearrangements in genes that encode MAPK pathway effectors seem to be required for cell 
transformation to PTC. Indeed, mutually exclusive, activating events that involve the genes 
RET/PTC, NTRK1, BRAF or RAS are detectable in nearly 70% of all PTC. By contrast, 
accumulation of multiple genetic alterations that can activate both pathways promotes 
cancer progression to ATC. This provides a strong basis for the emerging development of 
novel genetic-based diagnostic, prognostic, and therapeutic strategies for thyroid cancer. 

2. The normal thyroid gland 
The identification of the molecular properties of cancer cells is a necessary condition for the 
comprehension of the biology of cancer cells and, consequently, for improving diagnostic 
techniques and performing more efficient therapies. Tumor cells originate from normal cells 
that have accumulated several mutations in their DNA, and that for this reason, have acquired 
the capability to grow independently of the normal physiological controls and have lost, in 
part or totally, the ability to differentiate properly. In the normal adult thyroid gland, thyroid 
follicular cells represent a relatively stable cell population with a very low rate of proliferation 
and cell death that can be resumed in response to appropriate stimuli (Dumont et al., 1992). In 
humans, the adult thyroid is made of approximately 2x109 cells. The number of cell divisions 
required to generate an adult thyroid from the few precursor cells in the embryo is ~30 
suggesting that each human thyrocyte divides about 5-6 times (i.e. once every 8 years) 
(Dumont et al., 1992). During the last decades, several cellular models that include rat thyroid 
cells lines as well as short-term primary cultures of dog and human thyrocytes, have been 
developed to investigate the mechanisms involved in the proliferation of normal thyroid cells 
(Medina and Santisteban, 2000; Kimura et al., 2001; Roger et al., 2010). Cell lines are simple 
systems that allow easy manipulation and for this reason they have represented the preferred 
system for in vitro studies of thyroid biology. Established rat thyroid cells present several 
properties compatible with those of “normal” differentiated thyrocytes: they are euploid, 
depend on TSH for growth and expression of differentiated functions, uptake iodide in vitro, 
express thyroid-specific differentiation markers (thyroglobulin, thyroperoxidase), do not grow 
in soft agar and are not tumorigenic in immunodeficient mice. However, several caveats must 
be underlined before definitive conclusions can be applied to human thyroid gland in vivo by 
extrapolating results from cultured murine or canine thyrocytes. First, the immortality itself of 
the cell lines indicates that they have lost some of the basic mechanisms of cell cycle control; 
moreover, the mechanisms that regulate cell cycle in rat, dog and human thyrocytes vary 
considerably (see below); finally, the effects of activated oncogenes (i.e. RAS) are sometimes 
very different when transfected into rat or human thyrocytes. The available data on cell cycle 
progression and signalling cascades involved in thyrocytes has led to the conclusion that the 
main regulators of thyroid growth and function are TSH and growth factors (i.e. insulin/IGF-
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1). Thus it is possible to distinguish two major mitogenic pathways in thyrocytes, one that 
impinges on the TSHR/cAMP pathway and the other that acts through tyrosine kinase 
receptors of growth factors. However, the mechanisms whereby TSH/cAMP and growth 
factors regulate cell duplication and growth in rat, canine and human thyrocytes are mostly 
divergent, and will be described in detail below (Figure 2).  
 

 
Fig. 2. Cell signalling pathways in normal thyrocytes. Thyrocytes express the TSHR and 
multiple growth factor receptors. TSH binds its cognate receptor and activates the G protein 
GSα, activating the adenylyl cyclase and increasing the level of cyclic AMP (cAMP). cAMP 
stimulates the cAMP-dependent protein kinase A (PKA), which in turn phosphorylates the 
nuclear transcription factor CREB. CREB activates the transcription of cAMP-responsive 
genes inducing proliferation and differentiation of thyroid follicular cells. Growth factors 
induce receptor-tyrosine kinase (RTK) dimerization, which results in phosphorylation of 
specific tyrosine residues within the cytoplasmic tail. Phosphorylated RTK activates RAS by 
inducing replacement of GDP with GTP. In turn, GTP-bound RAS activates the kinase BRAF 
and the downstream MAPK cascade. BRAF phosphorylates and activates the MAPK kinase 
(MEK), which phosphorylates extracellular signal-regulated kinase (ERK). Phosphorylated 
ERK migrates into the nucleus where it phosphorylates and activates multiple transcription 
factors (i.e. c-MYC, ELK1) that are involved in cell proliferation. Once activated, Akt 
phosphorylates a number of substrates in the cytoplasm and in the nucleus. Similarly, RTK 
activated PI3K signalling, which results in AKT activation. Active AKT phosphorylates and 
inactivates glycogen systhesis kinase-3 (GSK-3α and β), Bad, the forkhead family of 
transcription factors (FOXO), the CDK inhibitors p21CIP1 and p27KIP1, and conversely 
activate mTOR and IκB Kinases (IκKα and β).  
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2.1 Proliferative pathways in normal thyroid gland 
So far, the most accurate model of thyroid cell cycle originated from studies performed in 
primary canine thyroid cells (Roger et al., 2010). Primary cultures of dog thyrocytes 
proliferate in monolayer culture in response to a combination of TSH, insulin, EGF and 
serum, though they arrest after few divisions. DNA synthesis in canine thyrocytes requires 
the simultaneous presence of TSH and insulin/IGF-1. Insulin or IGF-1 alone have minimal 
effects on DNA replication, though they support DNA synthesis and cell cycle progression 
induced by TSH, EGF, bFGF, or phorbol esters. By contrast, HGF is the only growth factor 
that acts as a full mitogen in dog thyrocytes, stimulating proliferation also in the absence of 
insulin/IGF-1. Established rat thyroid cell lines commonly used for the study of thyroid 
function and transformation are FRTL-5, PC Cl3 and WRT. FRTL-5 cells were obtained from 
5-6 week old NIH Fisher 344 rats; PC Cl3 cells were obtained from 18-month old rats; WRT 
cells (Wistar Rat Thyroid) were established from 3-4 week old rats. Insulin/IGF-1 represents 
a powerful mitogen for all rat thyroid cells whereas TSH alone is not able to induce DNA 
synthesis in the absence of insulin it makes cells competent to respond to insulin/IGF-1, 
leading to the activation of MAPK and PI3K. A crucial question is how to apply the wealth 
of studies performed on rat and dog thyroid cells to the physiology of normal human 
thyrocytes. As indicated above, it appears that the canine model more accurately 
recapitulates the events that occur in human thyrocytes. In human primary cultures, TSH is 
able to induce DNA synthesis in serum-free primary cultures of adult and fetal human 
thyrocytes. The mitogenic effect of TSH is increased by the presence of IGF-1 or insulin, 
which alone weakly stimulate DNA synthesis. In thyrocytes derived from follicular 
adenomas, autocrine production of IGF-1 abrogates the dependence of proliferation from 
exogenous IGF-1. These different mitogenic stimuli exert their proliferative effects in 
thyrocytes by activating multiple cytoplasmic signalling cascades, which, in turn, impinge 
on the basic cell cycle machinery. As generally considered these mechanisms operate in the 
mid-to-late G1 phase of the cell cycle to promote progression through the restriction point. 
Typically, growth factors stimulate proliferation and inhibit differentiation. As in other cells, 
exposure of thyrocytes to EGF, FGF, IGF-1 or HGF activates RAS and MAPK, induces 
sustained expression of c-Jun and c-MYC, up-regulates cyclin D1 and down-regulates 
p27KIP1. On the contrary the effects exerted by TSH are in striking contrast with this 
general scheme. TSH induces proliferation of thyrocytes while maintaining the expression of 
the differentiative program. In doing so, TSH does not activate the RAS/MAPK cascade, 
repress c-MYC expression and increases the levels of cyclin D3 but not of cyclin D1. The 
differential use of cyclin D1 and cyclin D3 has been proposed to play a role in the different 
effects exerted by growth factors and TSH in thyrocytes (Roger et al., 2010). 

2.1.1 The TSH/cAMP pathway 
TSH is by far the most important physiological regulator of growth and function of 
thyrocytes. It is a glycoproteic hormone that recognizes a specific receptor on the thyrocyte 
surface, the TSH receptor (TSHR), a member of a broad class of G-protein-coupled receptors. 
The basic structure of these receptors comprises an extracellular segment at the N-terminus 
where the hormone binds, seven transmembrane helices, and three intracellular loops at the 
C-terminus (Vassart & Dumont, 1992). By binding to its cognate receptor TSH induces the 
coupling of different heterotrimeric guanine nucleotide-binding proteins (G-proteins) that 
include Gs, Gq/11, different subtypes of Gi and Go, G12 and G13, and cause the dissociation 
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1). Thus it is possible to distinguish two major mitogenic pathways in thyrocytes, one that 
impinges on the TSHR/cAMP pathway and the other that acts through tyrosine kinase 
receptors of growth factors. However, the mechanisms whereby TSH/cAMP and growth 
factors regulate cell duplication and growth in rat, canine and human thyrocytes are mostly 
divergent, and will be described in detail below (Figure 2).  
 

 
Fig. 2. Cell signalling pathways in normal thyrocytes. Thyrocytes express the TSHR and 
multiple growth factor receptors. TSH binds its cognate receptor and activates the G protein 
GSα, activating the adenylyl cyclase and increasing the level of cyclic AMP (cAMP). cAMP 
stimulates the cAMP-dependent protein kinase A (PKA), which in turn phosphorylates the 
nuclear transcription factor CREB. CREB activates the transcription of cAMP-responsive 
genes inducing proliferation and differentiation of thyroid follicular cells. Growth factors 
induce receptor-tyrosine kinase (RTK) dimerization, which results in phosphorylation of 
specific tyrosine residues within the cytoplasmic tail. Phosphorylated RTK activates RAS by 
inducing replacement of GDP with GTP. In turn, GTP-bound RAS activates the kinase BRAF 
and the downstream MAPK cascade. BRAF phosphorylates and activates the MAPK kinase 
(MEK), which phosphorylates extracellular signal-regulated kinase (ERK). Phosphorylated 
ERK migrates into the nucleus where it phosphorylates and activates multiple transcription 
factors (i.e. c-MYC, ELK1) that are involved in cell proliferation. Once activated, Akt 
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inactivates glycogen systhesis kinase-3 (GSK-3α and β), Bad, the forkhead family of 
transcription factors (FOXO), the CDK inhibitors p21CIP1 and p27KIP1, and conversely 
activate mTOR and IκB Kinases (IκKα and β).  
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2.1 Proliferative pathways in normal thyroid gland 
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of the G protein into  and  subunits. TSH-mediated response involves activation of Gs, 
which in turn, triggering the activation of adenylate cyclase, results in increased intracellular 
cAMP levels. cAMP is the main second messenger in thyroid cells, and activates protein 
kinase A (PKA), a ser/thr kinase that is required for differentiation and proliferation of 
thyroid cells. Activation of PKA occurs when cAMP binds to the regulatory subunits of PKA 
and displaces the catalytic subunits. Once activated, PKA promotes the phosphorylation 
and the activation of transcription factors such as CREB (cAMP Response Element Binding 
protein), thus inducing the transcription of genes that are required for the control of growth 
and differentiation of thyroid follicular cells. Proliferation and differentiation are the most 
important effects exerted by cAMP in thyrocytes, and are mediated by PKA activation. In 
vitro, cAMP, or agents that mimic cAMP activity such as Forskolin or 8-bromo-cAMP, 
stimulate expression of thyroid-specific genes, iodine uptake, synthesis and secretion of 
thyroid hormones, and duplication of thyroid cells. TSH or cAMP can activate also PKA-
independent pathways that include the cAMP-binding GTP-exchange factors (cAMP-GEFs 

or Epac) that function as exchange factors for the small GTPases RAP1, RAP2, and RAS, 
which, in turn, activates the RAF kinases, impinging into the ERK1/2 or p38MAPK 
pathways. On the other hand, G subunits have been demonstrated to regulate more than 
20 effectors including phospholipases, adenylyl cyclases, ion channels, G protein-coupled 
receptor kinases, and PI3Ks.  

2.1.2 The growth factor/tyrosine kinase receptor pathway  
In addition to TSH, several growth factors (i.e. EGF, HGF, FGF, IGF-1, insulin) have been 
shown to regulate proliferation and differentiation of thyrocytes through the establishment 
of autocrine and/or paracrine loops (Dumont et al., 1992; Roger et al., 2010). These factors 
have been shown to mediate the local action of classic hormones such as TSH (Van der Laan 
et al., 1995). Indeed, at least 16 receptor-type tyrosine kinases are expressed in thyrocytes, 
with a possible role in regulating the growth and differentiated functions of thyroid cells. 
Binding of tyrosine kinase receptors by the cognate ligands activates the cytoplasmic kinase 
domain of the receptors and triggers downstream signal transduction pathways. Activated 
tyrosine kinase receptors promote the recruitment of the coupling complex Shc/Grb2/SOS 
that catalyzes the removal of GDP from one of the RAS proteins and the loading of GTP 
thus promoting RAS activation. RAS are small proteins with GTPase activity, which are the 
upstream regulators of several signalling pathways including RAF/MEK/ERK, PI3K/AKT 
and RalGDS/Ral (Shields et al., 2000). The active, GTP bound RAS recruits the RAF 
serine/threonine kinases to cell membrane, a gene family that consists of ARAF, BRAF and 
RAF-1 (CRAF). In turn, active RAF proteins phosphorylate and activate the Mitogen-
activated protein kinase/Extracellular signal-regulated Kinases (MEKs), which 
phosphorylate and activate the serine/threonine Extracellular-signal-regulated kinases 1,2 
(ERK). ERKs directly phosphorylate many transcription factors including Ets-1, c-Jun and c-
Myc. ERKs can also phosphorylate and activate the 90 kDa ribosomal S6 kinase (p90Rsk), 
which then leads to the activation of the transcription factor CREB (Shields et al., 2000). By 
altering the levels and activities of transcription factors, the MAPK pathway leads to altered 
transcription of genes that are important for the cell cycle. Many growth factors receptors 
such as PDGFR, EGFR, IGF-1R and insulin receptor activates also the PI3K/AKT pathway 
(Engelman et al., 2006). Accordingly, in thyroid cells IGF-1, EGF and HGF induces 
phosphorylation and activation of AKT and p70S6 (p70S6K) kinases downstream of 
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phosphatidylinositol-3-kinase (PI3K). After ligand-induced activation of specific receptors, 
PI3K can be activated through one of two different mechanisms. First, activation of tyrosine 
kinase receptors generates phosphorylated tyrosine residues on the receptor that serve as 
docking sites for the p85 regulatory subunit of PI3K, which then recruits the p110 catalytic 
subunit to the complex, thus triggering downstream signalling. PDGFR and insulin receptor 
that have binding sites for p85 strongly activate PI3K upon binding to their ligands. 
Alternatively, GTP-bound RAS can activate PI3K by direct interaction with the catalytic 
subunit (Brasil et al., 2004). Activated PI3K converts phosphatidylinositol 4,5 biphosphate 
(PtdIns-3,4-P3) into phosphatidylinositol 3,4,5 phosphate (PtdIns-3,4,5-P3), which resulting 
in membrane localization of phosphoinositol-dependent kinase-1 (PDK1) via its pleckstrin 
homology (PH) domain. AKT is also recruited to the 3’ phosphorylated 
phosphatidylinositol-rich plasma membrane by its PH domain, where it is fully activated by 
phosphorylation at residues T308 and S473 by PDK1 and TORC2 complex, respectively. 
AKT is the primary mediator of PI3K-initiated signalling. Conversely, the PTEN and SHIP-
1/2 phosphatases that remove the phosphate group from the 3’ position of the inositol ring 
of PtdIns-3,4,5-P3 are responsible for turning off PI3K signalling and antagonizing the 
activity of AKT (Carracedo & Pandolfi, 2008). AKT activation plays a fundamental role in 
the regulation of glucose metabolism, cell migration proliferation and survival by 
phosphorylation of a number of downstream substrates. Among these targets are: Bad, Bim, 
procaspase-9, IκKalpha, the forkhead family of transcription factors FOXO1, FOXO3a, GSK-
3β, the ubiquitin ligases MDM2 and SKP2, the CDK inhibitors p21CIP1 and p27KIP1 and 
others. It is worth noting that AKT can either cause the activation of specific substrates (e.g., 
MDM2, IκKalpha and CREB) or may mediate the inactivation of other proteins (e.g., RAF, 
BRAF, p21CIP1, p27KIP1, BIM, BAD, procaspase-9, FOXO3a, and GSK-3β) (Manning & 
Cantley, 2007).  

2.2 Biochemical aspects of signal transduction and cell cycle regulation in normal 
thyrocytes 
 Growth factors and TSH regulate cell cycle progression of thyrocytes with apparently 
different mechanisms (see Roger et al., 2010). In dog thyrocytes TSH does not activate RAS, 
PI3K, AKT or the different MAPKs but it activates mTOR. Conversely, insulin/IGF-1 
strongly activates RAS, PI3K, AKT and the MAPKs. Interestingly, the observation that HGF, 
the ligand of the tyrosine kinase receptor MET, is the only growth factor that is able to 
stimulate both the MAPK- and the PI3K-dependent pathways, possibly explains why HGF 
is the only growth factor that acts as a full mitogen in dog thyrocytes, stimulating 
proliferation also in the absence of insulin. In dog thyroid cells, pRB phosphorylation is the 
critical event that regulates the passage through the restriction point. It has been 
convincingly shown that the complementary action of TSH and insulin converge on the 
activation of cyclin D3-CDK4 complexes, whose activity is required for pRB phophorylation 
and DNA synthesis in response to TSH and insulin. However, TSH-mediated proliferation 
of dog thyrocytes requires cyclin D3 and is independent of down-regulation of the cyclin-
dependent kinase (CDK) inhibitor p27KIP1 whereas cyclin D3 is not required for growth 
factor-dependent proliferation. The current model holds that TSH (and cAMP) permits the 
passage through the restriction point by acting on the assembly, nuclear translocation and 
phosphorylation of an active cyclin D3-bound CDK4. This results in the redistribution of 

p27KIP1 from cyclin E/CDK2 to cyclin D3/CDK4 complexes, presumably allowing CDK2 
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activation and pRB phosphorylation (Roger et al., 2010). Conversely, IGF-1 or HGF induce 
cell cycle progression along G1 by increasing the levels of cyclin D1 and reducing those of 
p27KIP1.  
Rat FRTL-5 cells proliferate rapidly (doubling time ~36-40 h) in the presence of serum and a 
six-hormone mixture (6H) containing TSH and high concentrations of insulin (that activate 
also IGF-1 receptors) (Medina & Santisteban, 2000). Insulin/IGF-1 are the only genuine 
mitogens for FRTL-5 whereas TSH makes cells competent to respond to insulin/IGF-1. 
bFGF, HGF as well as EGF are all able to induce robust DNA synthesis in synergy with TSH 
or insulin. In FRTL-5 cells proliferation induced by TSH or by cAMP requires RAS, AKT and 
PI3K signalling (Cass & Meinkoth, 2000; Ciullo et al., 2001). RAS activity is apparently 
necessary for TSH to induce the transition from quiescence to G1, though the ERK pathway 
seems not involved. Conversely, cAMP activates PKA and at the same time, influences the 
selection of RAS effectors (PI3K versus RAF). According to this model, PKA-phosphorylated 
p85 stabilizes the complex p110-p85 and thus facilitates the interaction between PI3K and 
RAS. In parallel, cAMP inhibits RAF/ERK signaling by decreasing RAF availability to RAS. 
Under these circumstances cAMP increases PI3K signaling (De Gregorio et al., 2007; 
Cosentino et al., 2007). Other studies have demonstrated that TSH/cAMP is able to activate 

ERKs and p38 MAPK, as well as to induce cyclin D1 and down-regulate the cyclin-
dependent kinase inhibitor p27KIP1. Other rat thyroid cell lines – namely WRT and PC Cl3 
cells - present discrepancies with FRTL-5. Similar to FRTL-5 cells, PC Cl3 cells are routinely 
maintained in a medium containing TSH and insulin. Insulin/IGF-1 stimulate proliferation 
and growth in size of PC Cl3 cells, and this effect is amplified by TSH (Kimura et al., 2001). 
Activation of the PI3K pathway by TSH in rat thyrocytes (WRT) and the involvement of 
cAMP in this pathway are controversial and depend on the specific cell type. In fact, TSH 
treatment leads to release of G dimers and subsequent activation of PI3K, one of the 
putative effectors of G dimers. Although debated, TSH has been shown to activate RAS 
and PI3K in WRT cells (Tsygankova et al., 2000). On the other hand, interference with RAS 
or PI3K activity impairs TSH-stimulated DNA synthesis. Through the activation of these 
pathways, TSH and serum deplete nuclear stores of p27KIP1, allowing activation of nuclear 

CDK2 and entry into S phase. TSH and serum regulate p27KIP1 in very different ways: TSH 
stimulated the nuclear accumulation of p27KIP1, whereas serum induced its nuclear export 
(Medina & Santisteban, 2000). DNA synthesis of PC Cl3 cells is also induced by FGF, 
phorbol esters (either in the presence or not of insulin) but not by EGF or HGF. WRT cells 
apparently proliferate in response to the activation of either the TSH/cAMP or insulin/IGF-
1 cascades but are unresponsive to TPA, EGF and HGF (Roger et al., 2010). The PI3K 
pathway mediates most of the effects exerted by insulin/IGF-1 on cell cycle progression in 
rat thyrocytes. In fact, PI3K inhibitors impair insulin/IGF-1-dependent DNA synthesis and 
block the ability of insulin/IGF-1 to reduce p27KIP1 expression, to induce expression of 
cyclins D1 and E and to phosphorylate pRB (Roger, 2010). In serum-free primary cultures of 
adult and fetal human thyrocytes, TSH is able to induce DNA synthesis. However, the 
stimulation of DNA synthesis and/or proliferation by TSH decreases if thyrocytes originate 
from old people or cells exposed to high serum concentrations. In monolayer cultures, the 
effect of TSH is mimicked in large part, though not totally, by cAMP enhancers (forskolin, 
cholera toxin, (Bu)2 cAMP), with the mitogenic effect of TSH being increased by the 
presence of IGF-1 or insulin, which alone weakly stimulate DNA synthesis. In the absence of 
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exogenous insulin or IGF-1, the TSH-dependent DNA synthesis in human thyrocytes 
cultured with 1% serum is weak and depends on autocrine IGF production. The autocrine 
production of IGF-1 is further increased in thyrocytes derived from follicular adenomas, 
which abrogate dependence of proliferation from exogenous IGF (Roger, 2010).  

3. Molecular biology of thyroid cancer  
Cancer is a genetic disease in the sense that it affects genes. In the past decades many genes 
that have a causal role in thyroid cancer have been discovered and the pathways through 
which they act have been elucidated in their basic structures (Kondo et al., 2006; Nikiforova 
& Nikiforov 2008; Xing, 2008). The identification of the biochemical functions of these genes 
has allowed to highlight a small number of subverted pathways in follicular cell-derived 
tumors. Using both cell culture systems and experimental murine models of cancer it has 
become apparent that the malignant transformation of the thyroid follicular cell involves 
multiple genetic events that sequentially activate certain oncogenes (i.e. RAS, RET/PTC, 
NTRK1, BRAF, PIK3CA, AKT1) and inactivate specific tumour suppressors (i.e. p53, PTEN). 
These recurrent alterations are frequently mutually exclusive and occur in genes within 
relatively few critical pathways such as the TSH/cAMP, MAP kinase and the PI3K/AKT 
signalling cascades (Figure 3). The mitogenic and differentiating TSH/cAMP pathway is 
involved in hyperthyroidism whereas the mitogenic dedifferentiating growth factor-
regulated MAPK pathway is involved in the development of thyroid cancer. On the other 
hand, recent evidences indicate that the constitutive activation of the PI3K/AKT pathway is 
implicated in the development of differentiated and poorly differentiated carcinomas. 

3.1.1 The TSH/cAMP Pathway: Hyperfunctioning adenomas  
As indicated, the TSH/cAMP pathway is the major regulator of follicular cell proliferation 
and function. Expectedly, the constitutive activation of this pathway plays a critical role in 
the pathogenesis of benign hyperfunctioning thyroid nodules and adenoma. Adenoma 
frequently displays gain-of-function mutations that confer constitutive activity to TSHR in 
50–80% or GSα in 8% of cases, respectively. TSHR is encoded by a gene located on 
chromosome 14q31; GSα is encoded by GNAS1 gene located on chromosome 20q13. 
Similarly, mutations in TSHR or GNAS1 genes account for hyperfunctioning nodules in 
patients with multinodular goiters (Khron et al., 2005; Parma et al, 1993). Dominant 
activating mutations of the TSHR are also the cause of non-autoimmune hyperthyroidism, a 
common thyroid disorder. In adenoma, mutations are somatic and strongly activate the 
cAMP cascade in one cell, thus initiating a clonal expansion of the mutated cell that lead to 
autonomous tumor growth. Germline GNAS1 mutations are responsible for the McCune–
Albright syndrome, a familial condition that include hyperthyroidism and growth hormone 
excess. In addition, inactivating mutations in the gene encoding PKA type 1-alpha 
regulatory subunit (PRKAR1A), have been identified in the Carney Complex syndrome, an 
autosomal dominant disease comprising myxomas of the heart and skin, hyperpigmentation 
of the skin and endocrine overactivity that has features overlapping those of the McCune–
Albright syndrome (Lindor & Greene, 2008). The mutations of TSHR and GSα constitutively 
activate adenylyl cyclase leading to increased cAMP accumulation and TSH-independent 
proliferation. However, adoptive expression of TSHR induces neoplastic transformation of 
FRTL-5 cells as demonstrated by growth in semi-solid medium and tumorigenesis in nude 
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exogenous insulin or IGF-1, the TSH-dependent DNA synthesis in human thyrocytes 
cultured with 1% serum is weak and depends on autocrine IGF production. The autocrine 
production of IGF-1 is further increased in thyrocytes derived from follicular adenomas, 
which abrogate dependence of proliferation from exogenous IGF (Roger, 2010).  

3. Molecular biology of thyroid cancer  
Cancer is a genetic disease in the sense that it affects genes. In the past decades many genes 
that have a causal role in thyroid cancer have been discovered and the pathways through 
which they act have been elucidated in their basic structures (Kondo et al., 2006; Nikiforova 
& Nikiforov 2008; Xing, 2008). The identification of the biochemical functions of these genes 
has allowed to highlight a small number of subverted pathways in follicular cell-derived 
tumors. Using both cell culture systems and experimental murine models of cancer it has 
become apparent that the malignant transformation of the thyroid follicular cell involves 
multiple genetic events that sequentially activate certain oncogenes (i.e. RAS, RET/PTC, 
NTRK1, BRAF, PIK3CA, AKT1) and inactivate specific tumour suppressors (i.e. p53, PTEN). 
These recurrent alterations are frequently mutually exclusive and occur in genes within 
relatively few critical pathways such as the TSH/cAMP, MAP kinase and the PI3K/AKT 
signalling cascades (Figure 3). The mitogenic and differentiating TSH/cAMP pathway is 
involved in hyperthyroidism whereas the mitogenic dedifferentiating growth factor-
regulated MAPK pathway is involved in the development of thyroid cancer. On the other 
hand, recent evidences indicate that the constitutive activation of the PI3K/AKT pathway is 
implicated in the development of differentiated and poorly differentiated carcinomas. 
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50–80% or GSα in 8% of cases, respectively. TSHR is encoded by a gene located on 
chromosome 14q31; GSα is encoded by GNAS1 gene located on chromosome 20q13. 
Similarly, mutations in TSHR or GNAS1 genes account for hyperfunctioning nodules in 
patients with multinodular goiters (Khron et al., 2005; Parma et al, 1993). Dominant 
activating mutations of the TSHR are also the cause of non-autoimmune hyperthyroidism, a 
common thyroid disorder. In adenoma, mutations are somatic and strongly activate the 
cAMP cascade in one cell, thus initiating a clonal expansion of the mutated cell that lead to 
autonomous tumor growth. Germline GNAS1 mutations are responsible for the McCune–
Albright syndrome, a familial condition that include hyperthyroidism and growth hormone 
excess. In addition, inactivating mutations in the gene encoding PKA type 1-alpha 
regulatory subunit (PRKAR1A), have been identified in the Carney Complex syndrome, an 
autosomal dominant disease comprising myxomas of the heart and skin, hyperpigmentation 
of the skin and endocrine overactivity that has features overlapping those of the McCune–
Albright syndrome (Lindor & Greene, 2008). The mutations of TSHR and GSα constitutively 
activate adenylyl cyclase leading to increased cAMP accumulation and TSH-independent 
proliferation. However, adoptive expression of TSHR induces neoplastic transformation of 
FRTL-5 cells as demonstrated by growth in semi-solid medium and tumorigenesis in nude 
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mice whereas GSα does not. Accordingly, the constitutive activation of the cAMP cascade 
alone is apparently insufficient for the malignant transformation of thyroid follicular cells 
because: i) mutations of TSHR or GNAS1 are rarely detected in well-differentiated 
carcinomas; ii) hyper-functioning thyroid nodules rarely become malignant; and iii) patients 
with the McCune–Albright syndrome, which result from germline GNAS1 mutations, 
present low-incidence of thyroid cancer (Collins et al., 2003). 
 

 
Fig. 3. The stepwise mechanism of thyroid carcinogenesis. Three distinct pathways have 
been proposed for the initiation of thyroid tumors including hyper-functioning follicular 
thyroid adenoma, FTC and PTC. Genetic defects that result in activation of RET or BRAF 
represent frequent early initiating events associated with radiation exposure that lead to 
PTC development. RAS mutations represent frequent early initiating events, associated with 
iodine deficiency, that lead to FTC development. By contrast, most PDTC and ATC are 
considered to derive from pre-existing well-differentiated thyroid carcinoma through the 
accumulation of additional genetic events that include nuclear accumulation of β-catenin 
(encoded by CTNNB1) and p53 inactivation.  

Finally, more solid evidence on the role of the TSH/cAMP pathway in the transformation of 
thyroid follicular cells come from the study of transgenic mice (Kim and Zhu, 2009 and 
references therein). Murine strains modelling the constitutive activation of the cAMP-
dependent mitogenic cascade in the thyroid gland provokes a phenotype very similar to the 
one seen in humans, with development of hyperplasia but not of overt tumors. In addition, 
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mice made hypothyroid with antithyroid drugs do not develop thyroid cancer despite 
dramatic increase in serum TSH levels. Similarly, transgenic mice expressing the canine 
adenosine A2 receptor, which signals through G proteins and activates PKA as cAMP does, 
develop goiters and hyperthyroidism, but not thyroid cancer. Other mouse models that 
mimic TSHR overactivation via constitutive activation of GSα under control of the Tg 
promoter or with thyroid-specic expression of cholera toxin A1 subunit, develop goiters 
and hyperthyroidism, but not thyroid cancer. Finally, in a mouse model of PKA 
overactivation mice that are heterozygous for a null allele of the type 1a regulatory subunit 
of PKA (Prkar1a), develop PTC only sporadically and with long latency. 

3.1.2 The RTK/RAS/BRAF/MAP kinase pathway: Papillary thyroid carcinomas 
The most studied pathway involved in thyroid tumorigenesis is the RTK/RAS/BRAF/MAP 
kinase pathway, which seems to be essential for the development of PTC but apparently 
plays a more limited role in FTC. As in other tumors, these genetic events are mutually 
exclusive, providing compelling evidence for the requirement of this signalling system in 
PTC development (Figure 3).  
Tyrosine kinase receptors 
Tyrosine kinase receptors of growth factors regulate critical cellular functions required for tissue 
homeostasis such as cell proliferation, differentiation, survival, and apoptosis. Not surprisingly, 
signalling through these receptors is considered essential for initiation and progression of a 
broad spectrum of human tumours. Accordingly, certain subtypes of thyroid carcinomas are 
characterized by the aberrant activity of receptor-type tyrosine kinases (RET, NTRK1) that is 
consequent either to chromosomal rearrangements or to overexpression (EGFR, MET) (Kondo 
et al., 2006; Nikiforova & Nikiforov 2008; Xing et al., 2008). RET was the first activated receptor-
tyrosine kinase to be identified in thyroid cancer. The RET proto-oncogene is located on 
chromosome 10q12 and encodes a tyrosine-kinase receptor protein with four cadherin-related 
motifs in the extracellular domain and a kinase in the cytoplasmic domain, whose expression 
and function is normally restricted to a subset of cells derived from the neural crest. RET is not 
normally expressed in follicular cells but is expressed in the developing central and peripheral 
nervous systems and is required for renal organogenesis and enteric neurogenesis (Fusco & 
Santoro, 2007). RET ligands include the glial cell line-derived neurotrophic factor (GDNF), and 
GDNF-like proteins such as Neurturin, Persephin, and Artemin. GDNF and GDNF-like 
proteins signal through a multi-component receptor system including the GPI-linked 
membrane receptor GDNF Family Receptors alpha (GFRs), whose function is to bind the 
ligands and present them to the receptor, and RET, which operates as an intracellular signal 
transducing element (Airaksinen et al., 1999). RET activation is followed by dimerization, 
autophosphorylation at selected tyrosine residues and engagement of effectors through specific 
phosphorylated tyrosines. Activated RET triggers several downstream signal-transduction 
pathways including MAPK, PI3K and JNK (Fusco & Santoro, 2007). Different sites of tyrosine 
phosphorylation in the RET protein have been identified as docking sites for signalling 
molecules: Y905 that map in the kinase A loop mediates the recruitment of the SH2 domain-
containing proteins Grb7 and Grb10; Y1015 mediates the association with phospholipase C 
(PLC); and Y1062 that interacts with Shc and Frs2, which in turn, mediate RAS/RAF/MAPK 
activation. However, neither Y1015 nor Y1062 alone are apparently required for RET/PTC-
induced effects on growth and apoptosis whereas, by contrast, there is an absolute requirement 
of Y1062 for RET/PTC-induced dedifferentiation (Knauf et al., 2003).  
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Chimeric oncogenes designated RET/PTC have been implicated in the development of PTC 
(Figure 4)(Fusco & Santoro, 2007). The RET/PTC oncogene is generated by chromosomal 
rearrangements resulting in the fusion of the RET tyrosine-kinase domain to the 5'-terminal 
region of heterologous genes. All rearrangements appear to be balanced inversions or 
translocations that involve the 3.0 kb intron 11 of RET. The RET/PTC rearrangement results 
from a fusion between the 3′-portion of RET that leaves intact the tyrosine kinase domain 
and the 5’-portion of various heterologous genes. All RET-fused genes provide putative 
dimerization domains to the chimeric RET/PTC genes. RET/PTC chimeric oncoproteins 
lack the signal peptide and the transmembrane domain, are expressed in the cytoplasm of 
follicular cells under the control of the newly acquired promoters, and show constitutive 
dimerization and ligand-independent activation of RET tyrosine kinase, which is essential 
for the transformation of thyroid cells. To date, at least 15 chimeric genes have been 
reported (Fusco & Santoro, 2007). The most common rearrangements are RET/PTC1, 
RET/PTC3 and RET/PTC2, respectively. RET/PTC1 and RET/PTC3 are generated by 
paracentric inversions at 10q between RET and H4 (OMIM #601985) or NCOA4 (ELE1) 
(OMIM 601984), respectively. RET/PTC2 is due to an interchromosomal translocation 
between chromosome 10 and chromosome 17 (Fusco & Santoro, 2007). Among human 
tumours, RET/PTC rearrangements were initially associated with PTC, radiation exposure 
and young age (Santoro et al., 1992; Ito et al., 1994). Reported frequencies of RET/PTC 
rearrangements in sporadic PTC vary widely among different countries. Depending on the 
detection method used and/or the geographical location of patients the frequency of 
RET/PTC rearrangements varies from 3% in Saudi Arabia to 59% in the United Kingdom; 
however a reasonable estimates of the frequency of RET/PTC rearrangements in adult 
patients is ~20%, with higher values in patients with a history of radiation exposure (50–
80%). The high prevalence of RET/PTC rearrangements in children from the areas affected 
by nuclear disaster at Chernobyl indicates a role for radiation damage in the genesis of these 
paracentric inversions (Fusco & Santoro, 2007). Accordingly, exposure of cell lines to 
ionising radiation results in the expression of RET/PTC within hours, supporting a direct 
role for radiation in the recombination of RET (Ito et al., 1993).  
There is compelling evidence that different RET/PTC rearrangements present variable 
oncogenic potential. Different types of RET/PTC are associated with distinct subtypes of 
PTC. RET/PTC1 tends to be more common in small indolent tumours with typical papillary 
growth and to have a more benign clinical course, whereas RET/PTC3 shows a strong 
correlation with subtypes believed to represent aggressive forms of papillary cancer such as 
the solid variant and, more recently, the tall cell variant (Nikiforov et al., 1997; Basolo et al., 
2002). Accordingly, transgenic mice expressing RET/PTC1 under the control of the rat Tg 
promoter developed PTC (50%) with a long latency period and with no distant metastasis. 
Similarly, transgenic mice expressing RET/PTC1 under the control of the bovine Tg 
promoter developed PTC. However, in both mouse strains metastases were absent 
indicating that RET-PTC1-depended cancers requires additional mutations (i.e. knockout of 
the tumor-suppressor p53) to result in metastasis (Kim and Zhu, 2009 and references 
therein). By contrast, RET/PTC3 mice develop PTC-like lesions that are similar to the 
human solid variant of PTC, and unlike RET-PTC1 mice, in about one-third of cases, 
develop axillary lymph node metastasis (Kim and Zhu, 2009 and references therein). 
Although transgenic mouse models have shown that RET/PTC rearrangements can 
initiate thyroid carcinogenesis in vitro, the same studies have indicated that RET/PTC 
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represents a weak tumour-initiating event, requiring additional genetic and/or 
epigenetic changes for clonal expansion of mutated cells. RET/PTC expression in thyroid 
cells induces dedifferentiation and apoptosis at the same time. However, at difference 
with RAS and BRAF, RET/PTC rearrangements do not induce genomic instability. 
Moreover, TSH-independence may develop in RET-positive tumours as a secondary 
adaptation during cancer progression since it has been shown that RET/PTC-transfected 
cells can acquire the capability to grow in a TSH-independent manner. Additional 
evidence demonstrating that RET/PTC rearrangements are tumour-initiating events is 
that they are present in microcarcinomas. Indeed a high frequency of RET/PTC 
rearrangements have been reported in 42-77% of the subclinical microcarcinomas 
detected at autopsy or in thyroidectomies for disorders other than cancer. In addition, 
RET alterations have been found in other early benign lesions such as follicular 
adenomas, benign thyroid nodules and Hashimoto's thyroiditis. The high frequency of 
RET rearrangements in microcarcinomas and in early benign lesions is consistent with 
the idea that they represent early events in the neoplastic processes. On the other hand, 
the low prevalence of RET rearrangements in poorly differentiated and undifferentiated 
thyroid carcinoma supports a minor role for RET/PTC in tumour progression (Fusco & 
Santoro, 2007).  
The neurotrophic receptor-tyrosine kinase NTRK1 (also known as TRK and TRKA) was the 
second identified gene subjected to chromosomal rearrangement in thyroid cancer (Pierotti 
et al., 2001). The NTRK1 proto-oncogene is located on chromosome 1q22 and encodes the 
transmembrane tyrosine-kinase receptor for nerve growth factor (NGF). NTRK1 expression 
is typically restricted to neurons and regulates neuronal growth and survival. The activated 
receptor initiates several signal-transduction cascades including ERK, PI3K and the 
phospholipase-Cγ (PLCγ) pathways (Miller & Kaplan, 2001). Similar to RET, NTRK1 is 
activated in thyrocytes by chromosomal rearrangements that fuse the NTRK1 tyrosine 
kinase domain to the 5'-terminal region of heterologous genes. NTRK1 rearrangements have 
been detected in 5–13% of sporadic PTC but only in 3% of post-Chernobyl childhood PTC 
(Bongarzone et al., 1996). To date, three different rearrangements have been identified as 
chimeric oncogenes. The recombination events that cause the oncogenic activation of 
NTRK1 include an inversion fusing NTRK1 to non-muscular tropomyosine (TPM3) gene 
located at 1q31, a different intra-chromosomal rearrangement that juxtaposes NTRK1 to the 
5’-end of a translocated promoter region (TPR) gene localized at 1q25 or to the 5’-sequence 
of a TRK-fused gene (TFG) localized on chromosome 3 (TRK-T1, TRK-T2 and TRK-T3 
oncogenes, respectively). In all cases the resulting chimeric proteins exhibit ectopic 
expression and constitutive activation of the tyrosine kinase (Pierotti et al., 2001). The 
prevalence of each fusion type is nearly equal in sporadic PTC, whereas TPM3–NTRK1 is 
more frequent than other NTRK1 rearrangements in post-Chernobyl childhood PTC. The 
generation of TRK-T1 transgenic mouse model have demonstrated that, in contrast with in 
vitro results, TRK-T1 can initiate thyroid cancer. About half of the transgenic mice that 
expressed TRK-T1 developed thyroid cancer, either FTC or PTC, without distant metastasis 
(Kim and Zhu, 2009).  
The receptor-tyrosine kinase MET (which is located on chromosome 7q31) encodes a 
two-subunit 190 kDa transmembrane protein that is the receptor for HGF. HGF is a 
powerful mitogen for thyrocytes and modulates thyroid cancer cell motility and 
invasiveness and promotes angiogenesis. MET is often overexpressed in PTC (77–93%), 
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phospholipase-Cγ (PLCγ) pathways (Miller & Kaplan, 2001). Similar to RET, NTRK1 is 
activated in thyrocytes by chromosomal rearrangements that fuse the NTRK1 tyrosine 
kinase domain to the 5'-terminal region of heterologous genes. NTRK1 rearrangements have 
been detected in 5–13% of sporadic PTC but only in 3% of post-Chernobyl childhood PTC 
(Bongarzone et al., 1996). To date, three different rearrangements have been identified as 
chimeric oncogenes. The recombination events that cause the oncogenic activation of 
NTRK1 include an inversion fusing NTRK1 to non-muscular tropomyosine (TPM3) gene 
located at 1q31, a different intra-chromosomal rearrangement that juxtaposes NTRK1 to the 
5’-end of a translocated promoter region (TPR) gene localized at 1q25 or to the 5’-sequence 
of a TRK-fused gene (TFG) localized on chromosome 3 (TRK-T1, TRK-T2 and TRK-T3 
oncogenes, respectively). In all cases the resulting chimeric proteins exhibit ectopic 
expression and constitutive activation of the tyrosine kinase (Pierotti et al., 2001). The 
prevalence of each fusion type is nearly equal in sporadic PTC, whereas TPM3–NTRK1 is 
more frequent than other NTRK1 rearrangements in post-Chernobyl childhood PTC. The 
generation of TRK-T1 transgenic mouse model have demonstrated that, in contrast with in 
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The receptor-tyrosine kinase MET (which is located on chromosome 7q31) encodes a 
two-subunit 190 kDa transmembrane protein that is the receptor for HGF. HGF is a 
powerful mitogen for thyrocytes and modulates thyroid cancer cell motility and 
invasiveness and promotes angiogenesis. MET is often overexpressed in PTC (77–93%), 
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but is rare in other histological types of thyroid tumours (Di Renzo et al., 1995), though 
the pathogenetic significance of MET expression in papillary thyroid cancer remains to 
be identified. Some studies found MET overexpression associated with advanced tumor 
stages of thyroid carcinoma and histologic variants associated with poor prognosis while 
others showed decreased MET expression in poorly or undifferentiated tumors with an 
inverse correlation between MET expression and vascular invasion and distant 
metastases (Di Renzo et al., 1995). On the other hand, the finding that stromal cells of the 
thyroid secrete HGF suggests that MET may be involved in the stimulation of tumor 
growth through a paracrine mechanism. MET overexpression is apparently due to 
transcriptional or post-transcriptional mechanism. For example oncogenic RAS and 
RET/PTC have been shown to induce MET overexpression in thyroid follicular cells. 
Point mutations involving MET have also been detected in about 7% of well-
differentiated thyroid carcinoma.  
The epidermal growth factor receptor (EGFR) family includes EGFR (also known as ERBB1 
or HER1), ERBB2 (also known as HER2), ERBB3 (also known as HER3) and ERBB4 (also 
known as HER4). All are involved in the transmission of signals that control cell growth and 
differentiation. Multiple ligands bind EGFR, ERBB3 or ERBB4, inducing rapid receptor 
dimerization, with a marked preference for ERBB2 as dimerization partner. EGFR and 
ERBB2 are often found in thyroid cancers (Kato et al., 2004). EGF stimulates the growth of 
human thyroid carcinoma cells and rat FRTL-5 cells in vitro. At difference with lung and 
breast carcinomas where EGFR mutations or ERBB2 amplification have been reported, 
respectively, neither activating mutations nor DNA amplification of EGFR were found in 
thyroid cancer. Conversely, thyroid tumors overexpress EGFRs and ligands, implicating 
EGFR signalling in thyroid tumorigenesis. Increased expression of EGFR correlates with 
poor prognosis in differentiated thyroid cancers whereas ERBB2 has no clear prognostic 
significance.  
The Fibroblast growth factors (FGFs) and FGF receptors (FGFRs) are important 
regulators of angiogenesis and tumorigenesis (Grose & Dickson, 2005). At least 20 FGF 
ligands that signal through a complex family of receptor-tyrosine kinases, encoded by 
four distinct FGFR genes exist. So far, no mutations or rearrangements that involve 
members of the FGFR family have been identified in thyroid cancer. Conversely, FGFR1, 
FGFR3 and FGFR4 are overexpressed in thyroid carcinoma with FGFR4 expression 
restricted to the aggressive forms of thyroid carcinoma (St Bernard et al., 2005). In 
addition, the adoptive expression of FGFR3 in a human thyroid carcinoma cell line 
results in aberrant growth. As to the growth factors, expression of FGF2 (also known as 
basic FGF) is apparently increased in thyroid cancer and promotes mitogenic activity of 
rat thyroid follicular cells. 
Vascular endothelial growth factor (VEGF) ligands — VEGFA, PlGF, VEGFB, VEGFC and 
VEGFD — are angiogenic growth factors that, by binding their cognate receptors on 
vascular cells, induce proliferation of endothelial and/or lymphatic cells. VEGFA, PlGF 
and VEGFB stimulates angiogenesis, whereas VEGFC and VEGFD promotes 
lymphangiogenesis (Bunone et al., 1999). Increased expression of VEGFA and PlGF has 
been frequently reported in thyroid goiters and carcinomas (Bunone et al., 1999). 
Conversely, the overexpression of VEGFC and VEGFD are implicated in development of 
the lymphatic system and correlates with the density of lymphatics and lymph-node 
metastasis of PTC (Hung et al., 2003).  
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Fig. 4. RET/PTC rearrangements in papillary thyroid carcinoma. A. Schematic 
representation of the molecular mechanism that generates PTC oncogene. B. A comparison 
between the RET proto-oncogene and the RET/PTC oncogene. C. A list of the different 
RET/PTC rearrangements identified. 

The RAS G-protein 
The RAS protooncogenes encode 21 kDa monomeric G-proteins, which transduce signals 
from a wide variety of growth factor receptors, particularly those of the tyrosine kinase 
family. Three RAS proto-oncogenes — HRAS (which is located on chromosome 11p11), 
KRAS (which is located on chromosome 12p12), and NRAS (which is located on 
chromosome 1p13) — are implicated in human cancer (Buday & Downward, 2008). The 
three RAS genes encode highly related proteins with GTPase activity that are located at the 
inner surface of the cell membrane and play a central role in the intracellular transduction of 
signals arising from cell membrane. In its inactive state, RAS is bound to guanosine 
diphosphate (GDP). Upon activation, it releases GDP, binds guanosine triphosphate (GTP), 
thus transiently activating downstream signalling and terminates signalling by hydrolizing 
GTP. RAS proteins convey signals from tyrosine kinase receptors and G-protein-coupled 
receptors (GPCRs) to different signalling pathways such as MAPK, PI3K and Ral-GDS, 
which activate the transcription of target genes resulting in the regulation of cell 
proliferation, migration and survival (Peyssonnaux & Eychene, 2001). Point mutations 
occurring in tumors affect the guanosine triphosphate (GTP)-binding domain (codons 
12/13) or the GTPase domain (codon 61) and result in the replacement of specific amino 
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acid residues that lock p21RAS in a constitutively active form of the protein. Such gain-of-
function RAS mutations promote tumor development. Accordingly, it is estimated that 
around 30% of all human tumours contain a mutation in a RAS allele, which makes RAS 
genes the most mutated proto-oncogene in the human genome. 
Oncogenic mutations involving all three RAS genes were among the first genetic alterations 
to be identified in tumours originating from the thyroid follicular epithelium and have been 
reported with variable frequency in thyroid neoplasms ranging from 7 to 62% (Vasko et al. 
2003). Initially it has been proposed that RAS mutations might represent one of the early 
steps in the formation of thyroid cancer because they have been observed in benign 
tumours. However, more recent studies have demonstrated that RAS mutations are more 
represented in PDTC (55%) and ATC (52%) than in follicular adenomas and WDTC (5 to 
10%), and that there exists a significant association between RAS mutations and poor 
survival (Garcia-Rostan et al., 2003). Although RAS mutations are not restricted to a specific 
thyroid tumour type they are more common in iodine-deficient and in lesions with follicular 
architecture, including FTC and follicular variant of PTC, and are rare in radiation-induced 
thyroid cancers of Chernobyl. RAS mutations are thought to be among the initiating 
molecular events in thyroid tumorigenesis. RAS mutants are able to activate both the 
PI3K/AKT and MAPK signalling cascades and, conversely, oncogenic transformation by 
mutant KRAS requires activation of both MAPK and PI3K/AKT pathways. Adoptive 
expression of HRAS-V12 into cultured rat thyroid cells promotes TSH-independent growth 
and dedifferentiation as a result of inhibition of the activity of TTF1 and PAX8, two 
transcription factors essential for the mainteinance of the thyroid differentiated state (De 
Vita et al., 2005). By contrast, adoptive expression of mutant RAS into human thyrocytes 
stimulate growth and differentiation (Gire et al., 2000). RAS activation in rat PC Cl3 cells 
displays also evidence of DNA damage, manifesting as chromosome misalignment, 
centrosome amplification and micronuclei formation and increased susceptibility to 
apoptosis (Saavedra et al., 2000). In the presence of TSH, HRAS-G12V also triggers the 
initiation of programmed cell death but, in the absence of TSH, acute expression of mutant 
RAS inhibits apoptosis and accelerates TSH-independent proliferation. The cells that loose 
TSH responsiveness and, at the same time, inactivate the RAS-dependent apoptotic cascade 
will undergo clonal expansion and tumor development (Shirokawa et al., 2000). 
In vivo studies with transgenic mice have shown controversial results on the role of RAS in 
thyroid carcinogenesis (Kim and Zhu, 2009 and references therein). In some reports, mutant 
HRAS or KRAS alone are not apparently sufcient to induce cancer and it appears that 
additional genetic alterations are required for FTC development. Similarly, mice carrying 
mutant KRAS-G12V under the control of rat Tg promoter or KRAS-G12D under control of 
the endogenous KRAS promoter showed no sign of thyroid cancer, though another 
transgenic mouse strain expressing a mutated HRAS-G12V controlled by the bovine Tg 
promoter developed PTC. Conversely, targeting human NRAS with a mutation at codon 61 
to thyroid follicular cells induced, in 30% of the transgenic mice, progressive changes from 
hyperplasia to adenoma and carcinoma that were of follicular or mixed histotype with large 
poorly differentiated areas closely resembling those observed in human patients. 
The serine/threonine kinase BRAF 
The proto-oncogene BRAF situated on 7q24 encodes a serine/threonine kinase that 
transduces regulatory signals through the RAS/RAF/MEK/ERK cascade. There are three 
isoforms of the RAF kinases in mammalian cells: ARAF, BRAF, and CRAF (also denoted 
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RAF1). BRAF is more efficient in phosphorylating MEKs than other RAF isoforms. RAF 
proteins play a critical role in the transduction of signals by growth factors, hormones and 
cytokines, being involved in the regulation of cell proliferation, differentiation and 
apoptosis (Peyssonnaux & Eychene, 2001). Expectedly, gain-of-function BRAF mutations 
provide an alternative route for the aberrant activation of ERK signalling that is implicated 
in the tumorigenesis of several human cancers — for example, melanoma and colon 
carcinoma (Davies et al., 2002). BRAF mutations represent the most common genetic change 
in PTC, having been detected in 29–83% PTC, especially in the aggressive tall-cell variant 
(55–100%), but not in FTC. In addition, BRAF mutations have also been observed in up to 
13-15% of PDTC and 35% of ATC. By contrast, BRAF mutations are a relatively rare event in 
post-Chernobyl and sporadic childhood PTC. Interestingly, the frequency of BRAF 
mutations in ATC arising from pre-existing PTC is significantly higher than those arising 
from pre-existing FTC (Nikiforova et al., 2003). BRAF mutations are almost always exclusive 
to RAS genes mutations as well as to RET (RET/PTC) and NTRK1 rearrangements, 
altogether accounting for about 70% of PTC cases. BRAF mutations in PTC correlate with 
more advanced clinical stage, extrathyroidal extension and distant metastasis (Xing et al., 
2005). Moreover, tumors with BRAF mutations are apparently unresponsive to 131I 
treatment, pointing out that this genetic event is a new biological marker that predicts poor 
prognosis and resistance to treatment (Xing et al., 2005). This is consistent with the notion 
that BRAF mutations in human PTC are associated with decreased expression of iodine-
metabolising genes (i.e. NIS, pendrin, Tg) and that, in addition, the conditional expression of 
BRAF-V600E in rat thyrocytes promotes down-regulation of TSHR, NIS, Tg, TTF-1 and 
PAX-8. 
The great majority of BRAF mutations detected in PTC (>90%) are of a single type: a 1799T-
A transition in exon 15 leading to the substitution of a valine by a glutamic acid at the 
position 600 (V600E), which one of the most prevalent somatic genetic events in human 
cancer (Figure 5). The V600E mutation of BRAF destabilise the inactive BRAF structure by 
generating repulsive electrostatic forces in the activation loop, thereby leading to a 
constitutive catalytic activation that stimulates ERK activity and transforms NIH3T3 cells. 
Interestingly, whereas the V600E mutation is common in classical and tall cell variant of 
PTC, the K601E mutation has been detected in the follicular variant. An alternative 
alteration of BRAF detected in radiation-associated thyroid cancers is a chromosomal 
rearrangement of BRAF (AKAP9–BRAF) (Ciampi et al., 2005). AKAP9-BRAF results from a 
paracentric inversion of the long arm of the chromosome 7 and leads to the fusion of the first 
8 exons of the A-kinase anchor protein 9 (AKAP9) gene with the C-terminal coding region of 
the BRAF protooncogene. This fusion leads to a chimeric protein with constitutively 
activated BRAF kinase. The AKAP9-BRAF rearrangement has been reported in about 11% of 
post-Chernobyl, radiation-associated PTC whereas only 1% of sporadic PTC displays this 
mutation. Regardless of the mode of activation, these data highlight the crucial contribution 
of BRAF as an important effector in the role of MAPK activation and in thyroid 
tumorigenesis. BRAF mutations are thought to be a tumour-initiating event. BRAF 
concomitantly induces stimulation of DNA synthesis and apoptosis, resulting in no net 
growth in cell population. However, acute BRAF-V600E expression in PC Cl3 cells induces 
dedifferentiation and genomic instability, which, similarly to RAS, may facilitate the 
acquisition of secondary genetic or epigenetic events that may account for its aggressive 
properties (Mitsutake et al., 2005). In addition, the targeted expression of BRAF-V600E in 
thyroid cells of transgenic mice results in development of invasive PTC with poorly 
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differentiated foci that closely recapitulate the phenotype of BRAF-positive PTC in humans. 
The BRAF-V600E mice had a 30% decrease in survival at 5 months (Kim and Zhu, 2009 and 
references therein).  
 

 
Fig. 5. BRAF mutations in thyroid cancer. The T1799A mutation accounts for about 90% of 
the more than 40 mutations identified in the BRAF gene so far. This mutation causes the 
V600E substitution in the BRAF protein that results in constitutive activation of the kinase 
and acquisition of oncogenic properties. Other BRAF mutations detected in human tumours 
are also reported. In thyroid cancer few other mutations that include the K601E have been 
reported. 

3.1.3 The phosphatidylinositol 3-kinase (PI3K)/Akt pathway: Follicular thyroid 
carcinomas 
Constitutive activation of the phosphatidylinositol-3-kinase (PI3K)/AKT signalling pathway 
plays a relevant in thyroid carcinogenesis (Bunney & Katan 2010). First, germline mutations 
of the tumor suppressor gene PTEN (phosphatase and tensin homologue deleted on 
chromosome 10) confer predisposition to Cowden disease, an autosomal dominant 
condition that causes hamartomatous neoplasms of the skin, gastrointestinal tract, thyroid, 
bones and predispose to CNS, breast and thyroid cancer (Hobert & Eng, 2009). Moreover, 
genetic alterations involving proteins within the PI3K/AKT pathway have been described in 
sporadic thyroid carcinomas, particularly in FTC and ATC (Ringel et al., 2001; García-Rostán 
et al., 2005; Ricarte-Filho et al., 2009). The reported alterations include genomic copy number 
gain or activating mutations of the gene encoding the catalytic subunit of PIK3CA, 
inactivating mutations, LOH or deletions of PTEN, and activating gain-of-function 
mutations in the AKT1 gene as discussed in detail below. The analysis of human thyroid 
cancer has also indicated that the PI3K/AKT pathway cooperates with MAPK signalling in 
the pathogenesis and progression of advanced or metastatic thyroid cancer. 
PI3KCA mutations and amplifications 
PI3Ks are a family of intracellular lipid kinases that generate the lipid second messenger 
PtdIns-3,4,5-P3 and PtdIns-3,4-P2. PI3K family members are grouped into three classes 
according to structure and substrate specificity (Engelman et al., 2006). Class I PI3Ks are 

 
Molecular Biology of Thyroid Cancer 

 

211 

heterodimeric molecules composed of a catalytic subunit known as p110 and a regulatory 
subunit denoted p85, which contains two SH2 (Src homology) domains that allow 
interaction with phosphotyrosines on activated tyrosine kinase receptors. This results in 
recruitment of the protein to the plasma membrane and activation of the enzymatic activity. 
There are three variants of the p110 catalytic subunit designated p110α, β, or δ, expressed by 
separate genes (PIK3CA, PIK3CB, and PIK3CD, respectively). By contrast, there are five 
variants of the p85 regulatory subunit, designated p85α, p55α, p50α, p85β, or p55γ; the first 
three regulatory subunits represent splice variants of the same gene (PIK3R1), and the other 
two are encoded by different genes (PIK3R2 and PIK3R3, respectively) (Vanhaesebroeck, & 
Waterfield, 1999). So far a central role in cancer has been demonstrated only for class IA 
PI3Ks, which transduce signals downstream of oncogenic tyrosine kinase receptors. 
PIK3CA, encoding the class IA PI3K catalytic subunit p110α, is the only PI3K gene identified 
with common gain-of-function mutations and gene amplification in human cancer (Vogt et 
al., 2007). Most mutations are located in hot spot regions that include the helical and the 
kinase domains of the gene encoding p110α that result in a mutant protein that becomes 
independent of the p85 regulatory subunit thus promoting proliferation, invasiveness, 
resistance to apoptosis, and malignant transformation (Bader et al., 2006). In thyroid cancer, 
gene amplification/copy number gain of the PIK3CA gene located at 3q26.3 is detected in 
12-13% of follicular adenoma, 5-14% PTC, 24-28% FTC and up to 42% of ATC, though ethnic 
variation between Middle Eastern, Western or Asian populations has been reported (Wang 
et al., 2007; Liu et al., 2008). In addition to increased gene copy number, recent studies have 
reported the presence of activating mutations of PIK3CA in primary thyroid cancer and 
cancer-derived cell lines. PIK3CA mutations are rare in primary well-differentiated PTC (0-
3%), more frequent in well-differentiated FTC (6-13%) and common in ATC (5-21%) (García-
Rostán et al., 2005). Importantly, PIK3CA mutations are particularly common in the 
metastatic lesions of patients with radioactive-iodine refractory disease. This finding 
suggests an exclusive role for oncogenic mutant PIK3CA in promoting progression from 
more differentiated to less differentiated cancer. At present, it is not known whether 
PIK3CA mutations or amplification are sufficient to cause thyroid cancer in vivo. Mutant 
PIK3CA alleles are transforming in MCF-10 breast cells in vitro and in the chorioallantoic 
membrane of the chicken in vivo. However, transgenic mouse models indicated that 
activated PIK3CA mutant is able to induce fully malignant cancer in the lung but not in the 
ovary (Engelman et al., 2008). Therefore, further studies will be required to fully 
characterize the role of this oncogene in thyroid cancer development and progression.  
PTEN mutations and loss of expression 
PTEN is a tumour suppressor gene localized to chromosome 10q23 (Li et al., 1997). PTEN 
has been shown to have protein and lipid phosphatase activity. PTEN can dephosphorylate 
the D3 position of PtdIns-3,4-P2 and PtdIns-3,4,5-P3, the lipid products of the PI3K, thus 
antagonizing signalling through this pathway. Reportedly, cells lacking PTEN function 
exhibit a marked increase in the intracellular levels of PtdIns-3,4,5-P3 and AKT activation. 
PTEN represents a pivotal regulator of critical cellular functions such as proliferation and 
survival. A large body of evidence indicate that PTEN functions as a tumour suppressor in 
thyroid cancer. Loss of PTEN is a frequent finding in sporadic tumours, through mutations  
and LOH, reduced transcription caused by gene promoter hypermethylation, reduced 
translation via microRNA (miR21) overexpression or increased protein degradation (Bunney 
& Katan, 2010). Mutations of PTEN are uncommon in sporadic thyroid tumours (2% PTC; 
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differentiated foci that closely recapitulate the phenotype of BRAF-positive PTC in humans. 
The BRAF-V600E mice had a 30% decrease in survival at 5 months (Kim and Zhu, 2009 and 
references therein).  
 

 
Fig. 5. BRAF mutations in thyroid cancer. The T1799A mutation accounts for about 90% of 
the more than 40 mutations identified in the BRAF gene so far. This mutation causes the 
V600E substitution in the BRAF protein that results in constitutive activation of the kinase 
and acquisition of oncogenic properties. Other BRAF mutations detected in human tumours 
are also reported. In thyroid cancer few other mutations that include the K601E have been 
reported. 
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heterodimeric molecules composed of a catalytic subunit known as p110 and a regulatory 
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al., 2007). Most mutations are located in hot spot regions that include the helical and the 
kinase domains of the gene encoding p110α that result in a mutant protein that becomes 
independent of the p85 regulatory subunit thus promoting proliferation, invasiveness, 
resistance to apoptosis, and malignant transformation (Bader et al., 2006). In thyroid cancer, 
gene amplification/copy number gain of the PIK3CA gene located at 3q26.3 is detected in 
12-13% of follicular adenoma, 5-14% PTC, 24-28% FTC and up to 42% of ATC, though ethnic 
variation between Middle Eastern, Western or Asian populations has been reported (Wang 
et al., 2007; Liu et al., 2008). In addition to increased gene copy number, recent studies have 
reported the presence of activating mutations of PIK3CA in primary thyroid cancer and 
cancer-derived cell lines. PIK3CA mutations are rare in primary well-differentiated PTC (0-
3%), more frequent in well-differentiated FTC (6-13%) and common in ATC (5-21%) (García-
Rostán et al., 2005). Importantly, PIK3CA mutations are particularly common in the 
metastatic lesions of patients with radioactive-iodine refractory disease. This finding 
suggests an exclusive role for oncogenic mutant PIK3CA in promoting progression from 
more differentiated to less differentiated cancer. At present, it is not known whether 
PIK3CA mutations or amplification are sufficient to cause thyroid cancer in vivo. Mutant 
PIK3CA alleles are transforming in MCF-10 breast cells in vitro and in the chorioallantoic 
membrane of the chicken in vivo. However, transgenic mouse models indicated that 
activated PIK3CA mutant is able to induce fully malignant cancer in the lung but not in the 
ovary (Engelman et al., 2008). Therefore, further studies will be required to fully 
characterize the role of this oncogene in thyroid cancer development and progression.  
PTEN mutations and loss of expression 
PTEN is a tumour suppressor gene localized to chromosome 10q23 (Li et al., 1997). PTEN 
has been shown to have protein and lipid phosphatase activity. PTEN can dephosphorylate 
the D3 position of PtdIns-3,4-P2 and PtdIns-3,4,5-P3, the lipid products of the PI3K, thus 
antagonizing signalling through this pathway. Reportedly, cells lacking PTEN function 
exhibit a marked increase in the intracellular levels of PtdIns-3,4,5-P3 and AKT activation. 
PTEN represents a pivotal regulator of critical cellular functions such as proliferation and 
survival. A large body of evidence indicate that PTEN functions as a tumour suppressor in 
thyroid cancer. Loss of PTEN is a frequent finding in sporadic tumours, through mutations  
and LOH, reduced transcription caused by gene promoter hypermethylation, reduced 
translation via microRNA (miR21) overexpression or increased protein degradation (Bunney 
& Katan, 2010). Mutations of PTEN are uncommon in sporadic thyroid tumours (2% PTC; 
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7%FTC and 14% ATC, respectively). Moreover, allelic losses of the PTEN locus at 10q23.3, 
though frequent in adenoma and FTC (up to 25%), are not coupled with mutations in the 
second allele. Conversely, thyroid carcinoma frequently shows decreased expression of 
PTEN, at both mRNA and protein levels in 40% of well-differentiated thyroid carcinomas 
and in most ATC, in many cases through methylation of the PTEN gene promoter. 
Expectedly, PTEN inactivation in human tumors has been associated with increased AKT 
activity. Yet, in transgenic mice loss of PTEN and the subsequent activation of the 
PI3K/AKT pathway causes goiter and follicular adenoma but it appears not to be sufficient 
for malignant transformation of thyroid cells (Kim and Zhu, 2009 and references therein).  
AKT1 mutations and amplification 
The AKT kinases represent the primary downstream mediators of the effects of the PI3K 
pathway, and play a central role in both normal and pathological signalling (Brazil et al., 
2004). In mammalian cells AKT comprises three highly homologous members (>80% protein 
sequence identity) termed AKT1/PKBα, AKT2/PKBβ and AKT3/PKBγ, encoded by three 
different genes located on chromosomes 14q32, 19q13 and 1q43, respectively. AKT kinases 
share the same structural organization, containing an N-terminal pleckstrin homology (PH) 
domain, a central catalytic domain and a C-terminal regulatory region. The PH domain of 
AKT can bind specifically to D3-phosphorylated phosphoinositides with high affinity and 
mediates kinase activation (Brazil et al., 2004). Despite their sequence similarity however, 
AKT isoforms are functionally distinct, as suggested by the different phenotypes of the 
corresponding knock-out mice. Also the expression of AKT1, AKT2 and AKT3 apparently 
contribute to the different roles of AKT isoforms. AKT1 and AKT2 are the principal isoforms 
expressed in the thyroid gland (Vasko et al, 2004).  
Combining all the data from the existing literature, it appears that activation of the 
PI3K/AKT pathway in thyroid cancer, as detemined by S473 phosphorylation, is frequent 
and is associated with aggressive disease. Active AKT is observed more frequently in 
patients with undifferentiated cancer (40-50% of PTC and FTC; 93% of ATC, respectively) 
(Wang et al., 2007; Santarpia et al., 2008). Different mechanisms that cause the increased 
AKT signalling observed in thyroid cancer cells have been proposed. First, gain-of–function 
mutations of two different AKT isoforms have been reported to occur in human cancer 
(Carpten et al., 2007; Davies et al., 2008). A unique mutation at nucleotide 49 of the gene 
encoding AKT1 that results in the substitution of a lysine for glutamic acid at the amino acid 
17 (AKT1-E17K) within the PH has been recently discovered. The E17K substitution allows 
membrane recruitment of AKT1 independent of PtdIns binding, increases its activity, and 
confers to AKT1 the capability to transform fibroblasts in vitro and induce leukaemia in 
mice. More recently, a mutation homologous to the E17K in AKT1 has been identified also 
in the PH domain of AKT3 in malignant melanoma (Davies et al., 2008). In thyroid cancer, 
the presence of a heterozygote E17K mutation in the AKT1 gene was observed at a relatively 
high frequency (9/55, 16%) in metastatic lesions of advanced cancer but not in the 
corresponding primary tumours, which suggested that AKT1 mutations were acquired 
during tumour progression (Ricarte-Filho et al., 2009). AKT1 mutations were most common 
in metastasis of tall cell variant PTC (17%), Hürthle cell carcinoma (33%), and poorly 
differentiated PTC (19%). Conversely, no mutation in the genes encoding AKT2 and AKT3 
has been reported in thyroid cancer so far. In addition to mutations, an increase in the gene 
copy number of AKT1 in FTC (8%) and ATC (19%) and of AKT2 in FTC (22%), 
respectively, has also been reported (Liu et al., 2008). It is not yet known whether amplified 
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AKT1 differs from mutated AKT1 in its capability to activate downstream signalling. Recent 
studies have suggested that cellular compartimentalization of activated AKT may be 
important in determining its cellular effects. In particular, it was proposed that nuclear 
localization of activated AKT1 promotes invasion and migration in thyroid cancer cells. In 
invasive FTC phospho-AKT localizes primarily to the nucleus, whereas in PTC, it localizes 
to the cytoplasm, except for the cells at the invasive edge or in metastatic regions where it is 
localized also in cell nuclei (Vasko et al. 2004).  
Although aberrant activation of the PI3K pathway has been identied in most thyroid 
cancers, relatively few transgenic mice that model dysregulation of the PI3K/AKT pathway 
in cancer have been generated (Kim and Zhu, 2009 and references therein). Recently, a 
mouse strain, in which Cre-mediated recombination was used to delete Pten in the 
thyrocytes has been reported. Conditional loss of Pten in the thyroid gland renders the 
thyrocytes highly susceptible to neoplastic transformation through mechanisms that include 
increased thyrocyte proliferation. Pten mutant mice developed diffuse goiter characterized 
by enlarged follicles, in the presence of normal TSH and T4 hormone levels. Loss of Pten 
resulted in a significant increase in the thyrocyte proliferative index and increased cell 
density in the thyroid gland, which was more prominent in female mice. By 10 months of 
age, more than 60% of the mutant females developed follicular adenomas. However, in 
these mice complete loss of Pten was not sufficient to cause invasive tumors. Subsequent 
studies by the same group revealed that the in vivo proliferative response to chronic PI3K 
activation relied on the activation of the mammalian target of rapamycin (mTOR)/S6K1 
axis, and that mTOR inhibition restored normal proliferation rates in Pten mutant mice. 
mTOR functions as a key effector of PI3K-generated proliferative signals by increasing the 
levels of cyclins D1 and D3 proteins through post-transcriptional mechanisms, and mTOR 
inhibition effectively restored normal D-type cyclin protein levels and normal proliferation 
rates in thyrocytes. Recently, double-mutant mice were generated by crossing a mouse 
strain carrying a KRAS-G12D allele with mice carrying the thyroid-specific floxed Pten. The 
concurrent activation of KRAS-G12D and PI3K in thyroid follicular cells led to aggressive, 
invasive and metastatic FTC, indicating that PI3K activation allowed to fully realize the 
oncogenic potential of KRAS. Interestingly, combined pharmacological inhibition of PI3K 
and MAPK completely inhibited the growth of double mutant cancer cells, providing a 
compelling rationale for the simultaneous targeting of these pathways in thyroid cancer. 
These results indicate that, at difference with genes involved in the MAPK pathways (i.e. 
BRAF) the constitutive activation of PI3K signalling is probably insufficient by itself to 
initiate the growth of a malignat thyroid cancer, since loss of PTEN results in follicular 
adenoma; conversely, aberrant PI3K signalling may facilitate progression and 
dedifferentiation of tumour cells.  

3.1.4 Genetic alterations in transcription factors: Follicular thyroid carcinomas 
The PAX8/PPAR rearrangement 

The PAX8-PPAR rearrangement is a chromosomal translocation t(2:3)(q13;p25) that 
contributes to the development of thyroid cancers (Kroll et al., 2000). PAX8 (paired-box gene 
8) encodes a transcription factor required for the development of thyroid follicular cell 
lineage and the regulation of thyroid-specific gene expression, whereas PPAR (Peroxisome 
Proliferator-Activated Receptor-), encoded by the PPARG gene located on chromosome 
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7%FTC and 14% ATC, respectively). Moreover, allelic losses of the PTEN locus at 10q23.3, 
though frequent in adenoma and FTC (up to 25%), are not coupled with mutations in the 
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and in most ATC, in many cases through methylation of the PTEN gene promoter. 
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share the same structural organization, containing an N-terminal pleckstrin homology (PH) 
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AKT can bind specifically to D3-phosphorylated phosphoinositides with high affinity and 
mediates kinase activation (Brazil et al., 2004). Despite their sequence similarity however, 
AKT isoforms are functionally distinct, as suggested by the different phenotypes of the 
corresponding knock-out mice. Also the expression of AKT1, AKT2 and AKT3 apparently 
contribute to the different roles of AKT isoforms. AKT1 and AKT2 are the principal isoforms 
expressed in the thyroid gland (Vasko et al, 2004).  
Combining all the data from the existing literature, it appears that activation of the 
PI3K/AKT pathway in thyroid cancer, as detemined by S473 phosphorylation, is frequent 
and is associated with aggressive disease. Active AKT is observed more frequently in 
patients with undifferentiated cancer (40-50% of PTC and FTC; 93% of ATC, respectively) 
(Wang et al., 2007; Santarpia et al., 2008). Different mechanisms that cause the increased 
AKT signalling observed in thyroid cancer cells have been proposed. First, gain-of–function 
mutations of two different AKT isoforms have been reported to occur in human cancer 
(Carpten et al., 2007; Davies et al., 2008). A unique mutation at nucleotide 49 of the gene 
encoding AKT1 that results in the substitution of a lysine for glutamic acid at the amino acid 
17 (AKT1-E17K) within the PH has been recently discovered. The E17K substitution allows 
membrane recruitment of AKT1 independent of PtdIns binding, increases its activity, and 
confers to AKT1 the capability to transform fibroblasts in vitro and induce leukaemia in 
mice. More recently, a mutation homologous to the E17K in AKT1 has been identified also 
in the PH domain of AKT3 in malignant melanoma (Davies et al., 2008). In thyroid cancer, 
the presence of a heterozygote E17K mutation in the AKT1 gene was observed at a relatively 
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corresponding primary tumours, which suggested that AKT1 mutations were acquired 
during tumour progression (Ricarte-Filho et al., 2009). AKT1 mutations were most common 
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AKT1 differs from mutated AKT1 in its capability to activate downstream signalling. Recent 
studies have suggested that cellular compartimentalization of activated AKT may be 
important in determining its cellular effects. In particular, it was proposed that nuclear 
localization of activated AKT1 promotes invasion and migration in thyroid cancer cells. In 
invasive FTC phospho-AKT localizes primarily to the nucleus, whereas in PTC, it localizes 
to the cytoplasm, except for the cells at the invasive edge or in metastatic regions where it is 
localized also in cell nuclei (Vasko et al. 2004).  
Although aberrant activation of the PI3K pathway has been identied in most thyroid 
cancers, relatively few transgenic mice that model dysregulation of the PI3K/AKT pathway 
in cancer have been generated (Kim and Zhu, 2009 and references therein). Recently, a 
mouse strain, in which Cre-mediated recombination was used to delete Pten in the 
thyrocytes has been reported. Conditional loss of Pten in the thyroid gland renders the 
thyrocytes highly susceptible to neoplastic transformation through mechanisms that include 
increased thyrocyte proliferation. Pten mutant mice developed diffuse goiter characterized 
by enlarged follicles, in the presence of normal TSH and T4 hormone levels. Loss of Pten 
resulted in a significant increase in the thyrocyte proliferative index and increased cell 
density in the thyroid gland, which was more prominent in female mice. By 10 months of 
age, more than 60% of the mutant females developed follicular adenomas. However, in 
these mice complete loss of Pten was not sufficient to cause invasive tumors. Subsequent 
studies by the same group revealed that the in vivo proliferative response to chronic PI3K 
activation relied on the activation of the mammalian target of rapamycin (mTOR)/S6K1 
axis, and that mTOR inhibition restored normal proliferation rates in Pten mutant mice. 
mTOR functions as a key effector of PI3K-generated proliferative signals by increasing the 
levels of cyclins D1 and D3 proteins through post-transcriptional mechanisms, and mTOR 
inhibition effectively restored normal D-type cyclin protein levels and normal proliferation 
rates in thyrocytes. Recently, double-mutant mice were generated by crossing a mouse 
strain carrying a KRAS-G12D allele with mice carrying the thyroid-specific floxed Pten. The 
concurrent activation of KRAS-G12D and PI3K in thyroid follicular cells led to aggressive, 
invasive and metastatic FTC, indicating that PI3K activation allowed to fully realize the 
oncogenic potential of KRAS. Interestingly, combined pharmacological inhibition of PI3K 
and MAPK completely inhibited the growth of double mutant cancer cells, providing a 
compelling rationale for the simultaneous targeting of these pathways in thyroid cancer. 
These results indicate that, at difference with genes involved in the MAPK pathways (i.e. 
BRAF) the constitutive activation of PI3K signalling is probably insufficient by itself to 
initiate the growth of a malignat thyroid cancer, since loss of PTEN results in follicular 
adenoma; conversely, aberrant PI3K signalling may facilitate progression and 
dedifferentiation of tumour cells.  

3.1.4 Genetic alterations in transcription factors: Follicular thyroid carcinomas 
The PAX8/PPAR rearrangement 

The PAX8-PPAR rearrangement is a chromosomal translocation t(2:3)(q13;p25) that 
contributes to the development of thyroid cancers (Kroll et al., 2000). PAX8 (paired-box gene 
8) encodes a transcription factor required for the development of thyroid follicular cell 
lineage and the regulation of thyroid-specific gene expression, whereas PPAR (Peroxisome 
Proliferator-Activated Receptor-), encoded by the PPARG gene located on chromosome 
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3p25, is a member of the steroid nuclear hormone receptor superfamily. PPARγ plays a role 
in adipogenesis and insulin sensitization, cell-cycle control, inflammation, atherosclerosis, 
apoptosis and carcinogenesis through its influence on gene expression (Desvergne et al., 
1999). The PAX8-PPAR rearrangement was first identified in thyroid neoplasms with a 
cytogenetically detectable translocation t(2;3)(q13;p25) that generates a chimeric gene 
encoding the DNA-binding domain of PAX8 and domains A–F of PPARγ. The function of 
this rearranged protein is not entirely elucidated, but it appears that the fusion product 
contributes to malignant transformation by acting as a dominant negative on the 
transcriptional activity of wild-type PPARγ (Gregory Powell et al., 2004). PAX8-PPAR 
rearrangements are present in follicular adenoma (up to 30%), FTC (25-63%), in follicular 
variants of PTC, and in Hurthle cell cancers, with the initial indication that it correlates with 
a vasculo-invasive phenotype (Kroll et al., 2000; Nikiforova et al., 2003). Conversely, the 
presence of a PAX8-PPAR rearrangement in follicular variant of PTC is controversial and, 
to date, it has not been detected in PDTC and ATC (Nikiforova et al., 2004). Together, RAS 
and PAX8-PPARγ mutations are identified in approximately 80% of FTC (Nikiforova et al., 
2004). However, the finding that both RAS and PAX8-PPARγ mutations may be rarely 
detected in the same tumor, suggests that these cancers develop through at least two 
different molecular pathways and the finding that the PAX8-PPARγ oncoprotein, like RAS, 
is also detected in a sub-group of follicular adenoma supports the existence of a stepwise 
transition from adenoma to carcinoma.  

3.1.5 Genetic alterations of cell-cycle regulators  
Alteration of the basic mechanisms that regulate cell cycle is a hallmark of cancer (Hanahan 
& Weinberg 2000). Cell cycle is regulated by the sequential activation of several classes of 
proteins (cyclins, cyclin-dependent kinases (CDKs), CDK inhibitors, the family of 
retinoblastoma susceptibility proteins (pRB), E2F transcription factors). The factors that 
promote progression into cell cycle are the G1 cyclins (i.e. cyclin D1, cyclin E1), CDKs, and 
E2Fs whereas the factors that regulate negatively the G1-to-S transition are the pRB, the two 
families of CDK inhibitors (INK4, CIP/KIP, respectively) and the tumor suppressor TP53. 
Cyclin–CDK complexes promote cell-cycle progression through phosphorylation-dependent 
inactivation of pRB, which in turn releases E2F transcription factors and allows entrance into 
S phase. Particularly important for cancer development are the G1/S and the G2/M 
transitions as determined by the frequent observation of aberrant activity of the molecules 
involved in these processes. See Figure 6 for a summary of the genetic alterations of cell-
cycle regulators observed in thyroid cancer.A reasonable anticipation is that the growth of 
well-differentiated  thyroid carcinoma is relatively low compared with PDTC and ATC and 
that the altered expression and/or activity of cell-cycle regulators determine these 
differences in growth. Accordingly, the MIB-1 index is 1–3% in WDTC, 6–7% in PDTC and 
14–52% in ATC (Katoh et al., 1995). A high-labeling index, as seen in ATC and poorly 
differentiated thyroid patients, correlated with persistent disease or death (Kjellman et al., 
2003). Expectedly, as is the case with other common human carcinomas, a series of multiple 
alterations in cell cycle control-related gene products such as up-regulation of CDKs, down-
regulation of CDK inhibitors or both, frequently contribute to the pathogenesis of thyroid 
cancer (Kondo et al. 2006). Cyclin D1 (which is encoded by CCND1 on chromosome 11q13) 
and cyclin E1 (which is encoded by CCNE1 on chromosome 19q12) are overexpressed in 
thyroid cancer. Overexpression of cyclin D1 is observed in approximately 30% of FTC and 
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Fig. 6. Molecular alterations of cell-cycle regulators in thyroid cancer. The cyclin D1/CDK4 
and cyclin E1/CDK2 cooperate to control the G1 to S phase transition through the 
phosphorylation of retinoblastoma protein (pRB). Hypophosphorylated pRB functions as a 
repressor of E2F transcription factors; conversely, inactivation of pRB through 
phosphorylation allows E2F activity. In particular, E2F activates the transcription of genes 
that are involved in the G1 to S phase transition, such as DNA polymerase and thymidine 
kinase. The CDK inhibitors p16INK4A, p21CIP1 and p27KIP1 impair the activity of 
cyclin/CDK complexes, thus preventing phosphorylation of pRB. Therefore, cyclins and 
CDKs function as oncogenes whereas CDK inhibitors function as tumour suppressors. The 
tumour suppressor TP53 induces cell-cycle arrest by up-regulating p21CIP1, another CDK 
inhibitor. The function of TP53, in turn, is controlled by negative regulators, including 
MDM2, which targets TP53 for ubiquitin-mediated degradation, constituting a feedback 
loop that maintains a low concentration of TP53 in the cells. 
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3p25, is a member of the steroid nuclear hormone receptor superfamily. PPARγ plays a role 
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Fig. 6. Molecular alterations of cell-cycle regulators in thyroid cancer. The cyclin D1/CDK4 
and cyclin E1/CDK2 cooperate to control the G1 to S phase transition through the 
phosphorylation of retinoblastoma protein (pRB). Hypophosphorylated pRB functions as a 
repressor of E2F transcription factors; conversely, inactivation of pRB through 
phosphorylation allows E2F activity. In particular, E2F activates the transcription of genes 
that are involved in the G1 to S phase transition, such as DNA polymerase and thymidine 
kinase. The CDK inhibitors p16INK4A, p21CIP1 and p27KIP1 impair the activity of 
cyclin/CDK complexes, thus preventing phosphorylation of pRB. Therefore, cyclins and 
CDKs function as oncogenes whereas CDK inhibitors function as tumour suppressors. The 
tumour suppressor TP53 induces cell-cycle arrest by up-regulating p21CIP1, another CDK 
inhibitor. The function of TP53, in turn, is controlled by negative regulators, including 
MDM2, which targets TP53 for ubiquitin-mediated degradation, constituting a feedback 
loop that maintains a low concentration of TP53 in the cells. 
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76% and PTC, respectively, having been correlated with metastatic dissemination of PTC 
(Lazzareschi et al., 1998). Similarly, cyclin E1 is overexpressed in a large number of thyroid 
carcinomas (Lazzareschi et al., 1998). At difference with other cancer types that show 
amplification or inversion of the locus containing CCND1, in thyroid cancers these genes are 
neither amplified nor rearranged (Lazzareschi et al., 1998). Therefore, overexpression of 
cyclins in thyroid tumours is a secondary effect that is induced by other genetic aberrations, 
such as RAS mutations or RET/PTC rearrangements. CDK inhibitors – both INK4 and 
CIP/KIP proteins - are commonly down-regulated in thyroid malignancies. Point mutations 
of CDKN2A on chromosome 9p21, which encodes p16INK4A, though common findings in 
glioma and melanoma, are rare in thyroid tumours. Alternatively, LOH in the chromosomal 
region spanning the CDKN2A locus is associated with FTC (27%) and ATC (50%), and 
methylation of 5′ CpG islands of CDKN2A promoter is detected in 30% of thyroid 
neoplasms (Kondo et al., 2006 and references therein). As to the CIP/KIP proteins, normal 
and hyperplastic follicular cells show strong immunoreactivity for p27KIP1 (encoded by 
CDKN1B on chromosome 12p13), whereas its expression is significantly reduced in PTC, 
FTC and ATC (Erickson et al, 2000). P27 down-regulation in thyroid cancer depends on the 
over-expression of the ubiquitin-protein ligase Skp2, which is amplified in several thyroid 
tumors. Skp2 expression correlates with p27KIP1 down-regulation; forced expression of 
Skp2 circumvented serum-dependency and contact inhibition in Skp2-negative cells by 
promoting p27 degradation; and finally, the suppression of Skp2 expression drastically 
reduces proliferation of thyroid cancer cells. On the other hand, p27KIP1 that normally 
resides in the nucleus, is frequently inactivated by mislocalizion to the cytoplasm, a 
mechanism linked to AKT-dependent phosphorylation. P21CIP1, another CIP/KIP inhibitor 
encoded by CDKN1A gene on chromosome 6p21, is expressed in 40% of well-differentiated 
PTC 7% of PDTC, and not in ATC. On average, 10-13% of thyroid malignancies harbour 
CDKN1A deletions on chromosome 6p21 (Shi et al., 1996). The expression pattern of pRB in 
benign and malignant thyroid lesions is controversial. Although one group has reported the 
presence of inactivating mutation in the gene encoding pRB1 (located on chromosome 
13q14) in 55% of thyroid carcinomas this has not been confirmed by other investigators. The 
main targets of pRB are represented by the E2F transcription factors, which consists of six 
members: E2F1–E2F6. E2F-regulated genes are repressed by pRB proteins; such a repression 
is alleviated by CDK-dependent phosphorylation of pRB. E2F1, but not other members of 
this family, is up-regulated in 35–89% of WDTC, 34% of PDTC and 67% of ATC (Volante et 
al., 2002). As part of the cell cycle surveillance system, the G2 spindle checkpoint protects 
the cell from genomic instability. Entry into mitosis is blocked by the G2 checkpoint that 
ensures that chromosomes are not segregated to daughter cells when DNA is damaged. 
Thyroid cell transformation is accompanied by the overexpression of a cell 
proliferation/genetic instability-related gene cluster that includes Polo-like kinase 1 (PLK1), 
a protein kinases involved in in several G2- and M-phase–related events such as centrosome 
maturation, proper spindle formation, cyclin B/Cdk1 activation, anaphase-promoting 
complex/cyclosome (APC/C) activation, chromosome segregation, and cytokinesis 
(Salvatore et al., 2006). ATC, but not normal thyroid, cells are dependent on PLK1 for 
survival. RNAi-mediated PLK1 knock-down caused mitotic arrest associated with 4N DNA 
content and massive mitotic cell death (Nappi et al., 2009). Other alterations implicated in 
the G2/M transition include overexpression of the Aurora A-C kinases in ATC cell lines and 
tumors (Sorrentino et al. 2005) and the mitotic spindle assembly checkpoint genes hBUB1, 
hBUBR1 and hMAD2 (Wada et al. 2008). 
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Table 2. Animal models of thyroid carcinomas (from Kim and Zhu, 2009, modified). 
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The tumour-suppressor gene TP53  
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(Nikiforov, 2008 and references therein). TP53 is a key gatekeeper that plays a role in cell cycle 
regulation, apoptosis, genomic stability, and inhibition of angiogenesis. In its anti-cancer role, 
TP53 can induce growth arrest by holding the cell cycle at the G1/S or G2/M points following 
DNA damage recognition, which prevents replication of cells with damaged DNA and allows 
the DNA repair proteins to have time to fix the damage and resume the cell cycle. 
Alternatively, TP53 can initiate the programmed cell death if DNA damage proves to be 
irreparable Activation of wild-type TP53 can lead to G1 cell-cycle arrest through 
transcriptional induction of the CDK inhibitor p21CIP1, or apoptotic cell death by activating 
transcription of pro-apoptotic molecules such as BAX and FAS. Loss-of- function mutations of 
TP53 impair its transcriptional activity and induce genomic instability, owing to weakened 
DNA repair systems, and subsequent cancer progression.  

-catenin mutations 
β-catenin, encoded by the CTNNB1 gene on chromosome 3p22–21.3, plays a role in cell 
adhesion and transcription. In normal cells, most β-catenin protein is bound to E-cadherin 
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(Salvatore et al., 2006). ATC, but not normal thyroid, cells are dependent on PLK1 for 
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(encoded by the CDH1 gene on chromosome 16q22) in the cytoplasmic portion of adherens 
junctions, thus fulfilling an essential role in cell adhesion. This binding sequesters β-catenin 
from the nucleus and restrains its growth-promoting role. β-catenin is a critical regulator of 
cell proliferation induced by Wnt signalling, promoting transcription of cyclin D1 and MYC 
(Cadigan & Peifer, 2009). The cellular abundance of β-catenin is finely modulated through 
proteasomal degradation. This process occurs through the action of a multicomponent 
complex that includes APC - encoded by the APC gene inactivated in familial adenomatous 
polyposis –the scaffold protein Axin and the Glycogen Synthase Kinase-3 (GSK), which 
phosphorylates β-catenin and targets it for polyubiquitination and degradation. Activation 
of the Wnt pathway inhibits GSK-3-dependent phosphorylation of β-catenin as well as its 
subsequent proteosomal degradation, allowing β-catenin to translocate to the nucleus and 
function as a transcriptional effector of Wnt. In cancer cells the growth-promoting activity of 
β-catenin is enhanced either by reducing its binding to E-cadherin (e.g. due to decreased 
CDH1 expression), or when APC-Axin-GSK3β-mediated degradation of β-catenin is 
defective due to inactivating mutations of APC and/or CTNNB1 or to overactive Wnt 
signalling. Such mutations disrupt phosphorylation sites of β-catenin and lead to protein 
stabilization. Mutations and abnormal nuclear localization of β-catenin have been observed, 
along with overexpression of its target genes c-Myc and cyclin D1, in thyroid malignancies 
(Ishigaki et al., 2002). Although increased levels of cytoplasmic β-catenin are observed in 
most thyroid cancer cells, mutations of β-catenin that lead to nuclear localization of the 
protein are limited to PDTC and ATC suggesting a role in tumor progression (Garcia-Rostan 
et al., 2001). On the other hand, E-cadherin is highly expressed in normal thyroid and 
benign adenoma but its expression is consistently decreased in cancer, especially in 
recurrent or metastatic carcinomas. Mutations of CDH1 are infrequent in undifferentiated 
cancer; conversely loss of E-cadherin is due to aberrant methylation of the CDH1 promoter 
(Kato et al., 2002). Another observation that supports a role of the APC–β-catenin pathway 
in the development of thyroid cancer is that familial adenomatous polyposis (FAP) and its 
variant, Gardner syndrome, which confers a markedly increased risk of development of 
PTC are caused by germline mutations in the APC gene. However, it appears that the 
aberrant nuclear localization of β-catenin observed in thyroid carcinoma is more likely 
induced by CTNNB1 mutations rather than APC mutations.  

3.1.7 Genetic alterations of microRNA in thyroid cancer 
MicroRNAs (miRs) are a class of 19–23 nucleotide-long non-coding RNAs that negatively 
regulate gene expression through either the inhibition of mRNA translation or the induction 
of its degradation (Ambros 2004). MiRs are transcribed by RNA polymerase II in the 
nucleus, are transported into the cytoplasm by the Exportin system where they are 
incorporated into the RISC, thus acquiring the ability to bind to the 3' untranslated region 
(UTR) of the target mRNAs causing mRNA degradation or the block of translation (Ambros 
2004, Bartel 2004). At present it is estimated that there are 300–1000 microRNAs, each of 
which may bind to several hundred mRNA targets. MiRs are involved in a wide range of 
basic processes such as cell proliferation, development and apoptosis (Bartel 2004). MiRs are 
abnormally expressed in many types of human cancer and can act as oncogenes or tumor 
suppressor genes or, in some cases, can perform both functions (Calin & Croce 2006,). 
Recent studies have shown that miRs may also contribute to onset and/progression of 
thyroid malignancies. Most studies have focused on the analysis of miR expression profile 
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of PTC by ‘miRCHIP’ microarray. Several miRs including miR-221, -222, -146, -21, -155, -
181a, and -181b have been shown to be up-regulated in PTC compared with the normal 
thyroid (Pallante et al., 2005). In particular miR-221, -222, and -181b have been proposed to 
represent a signature for PTC. MiR-221 and -222 represent the most consistently up-
regulated miRs in PTC. They are very similar in sequence, clustered on chromosome X, and 
are likely transcribed as polycistronic transcripts (Ciafrè et al. 2005). Adoptive expression of 
miR-221/222 significantly modifies proliferation of thyrocytes, increasing G1- to S-phase 
transition through the reduction of p27KIP1 protein levels (Visone et al. 2007a). However, 
the mechanism by which these miRs are upregulated in PTC is still under investigation, 
since no gene amplification or changes in the methylation status has yet been found. 
Although most of the studies conducted so far have focused on miR expression in PTC, 
Nikiforova et al. (2008) reported on a signature specifically associated with follicular 
adenoma and FTC. The most highly up-regulated miRs in conventional FTC were miR-187, -
224, -155, -222, and -221, and those in oncocytic variants were miR-187, -221, -339, -183, -222, 
and -197. In a different study, four miRs that are differentially expressed between FTC and 
adenoma (miR-192, -197, -328, and -346) have been identified (Weber et al. 2006). Inhibition 
of miR-197 and - 346 in human thyroid cancer cells (FTC133) caused growth arrest (Weber et 
al. 2006). MiR-21 targets E2F and inhibits PTEN. Recent data indicate that specific miRs are 
associated with different histological types of thyroid. MiR-187 is expressed at high levels in 
PTC harboring RET/PTC rearrangements whereas miR-221 and -222 are found at the 
highest level in BRAF- and RAS-positive PTC and those with no known mutations. 
Conversely, RAS-positive PTC expresses high amount of miR-146. In ATC samples and cell 
lines the miR-17–92 cluster containing seven miRs as well as miR-106a and -106b are 
overexpressed (Takakura et al. 2008). Antisense inhibition of miRs 17-3p, -17-5p, and -19a 
causes cell cycle arrest, and suggests an oncogenic role for these miRs. MiR-19a and -19b in 
the cluster have PTEN as a target, and miR-106a and -106b have E2F1 as a target, thus 
suggesting that there are multiple potential therapeutic targets in the miR-17–92 cluster 
(Takakura et al. 2008). On the other hand, four miRs (-30d, -125b, -26a, and 30a-5p) have 
been shown to be under-expressed in ATC but not in PTC (Visone et al. 2007b). MiR-26a and 
-125b target HMGA1 and HMGA2, two proteins causally involved in thyroid cell 
transformation. In addition, miR-138 that targets hTERT is reduced in ATC (Visone et al., 
2007b). In conclusion, the studies of miRs expression and function indicate that each of the 
three principal types of thyroid cancer has several distinct miRs already and hold promise to 
improve the evaluation and management of these tumors. 

4. Targeted therapy of thyroid cancer 
The current treatment of patients with differentiated thyroid cancer includes surgery, 
radioactive iodine administration and thyroid hormone suppression therapy and is, in most 
cases, effective. Accordingly, survival rates for patients with local differentiated thyroid 
carcinoma are excellent. By contrast, treatment of patients with advanced thyroid cancer 
continues to represent a significant challenge for clinical oncologists. These patients are not 
responsive to standard treatment and require additional therapies. However, the efficacy of 
cytotoxic chemotherapy is poor and that of external beam radiation has not been established 
yet. It is likely that this scenario has just started to change because of the introduction of 
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targeted therapies - especially tyrosine kinase inhibitors - for the treatment of advanced 
thyroid cancer (Santoro & Carlomagno, 2006). Tyrosine kinase inhibitors cause tumor 
shrinkage and/or disease stabilization. The rationale for the development of specific 
inhibitors of the oncogenes that initiate cancer is based on the hypothesis denoted the 
“oncogene addiction” (Weinstein &, Joe, 2008). According to this hypothesis, the initiating 
genetic alteration that hits a normal cell and starts the transformation process becomes 
essential for the survival of cancer cells. Thus, inhibition of the oncogene that initiates a 
certain cancer is expected to lead to either tumor stabilization or regression. For this reason, 
a lot of interest arose in the therapeutic potential of kinase inhibitors for thyroid cancer 
patients. The prevalence of activating BRAF mutations, RET/PTC rearrangements and RAS 
mutations that is reflected into consequent downstream activation of ERKs, suggests that 
activation of the MAP kinase pathway may be an obligatory step in the transformation of 
thyrocytes. Therefore, such dependency may represent a potential Achilles heel of cancer 
cells. Since thyroid cancer cells are apparently “addicted” to aberrant MAP kinase 
signalling, several small molecules that target this pathway are currently being developed 
(Sherman, 2009). Several lines of evidence suggest that RET/PTC can be a good target. The 
quinazoline low molecular weight tyrosine kinase inhibitor ZD6474 (Vandetanib), a potent 
inhibitor of the VEGF receptor-2 (flk-1/KDR), has also been shown to inhibit the enzymatic 
and transforming activity of RET/PTC oncoproteins and to block the growth of RET/PTC3-
induced tumours in nude mice (Carlomagno et al., 2002). Multiple phase II clinical trials 
testing the efficacy of ZD6474 in patients with metastatic medullary thyroid cancer, as well 
as metastatic papillary cancer are currently underway. In the case of patients with metastatic 
familial medullary thyroid carcinoma one of these clinical trials demonstrated partial 
response in 17% of patients and stable disease in another 33% (Sherman, 2008a).  
BRAF represents another valuable therapeutic candidate for treatment of thyroid cancer due 
to the high frequency of BRAF mutation in thyroid tumors and its association with tumor 
dedifferentiation and resistance to the conventional radioiodine therapy. The biaryl urea 
Sorafenib (BAY 43-9006) is a potent inhibitor of BRAF, VEGFR and RET (Wilhelm et al., 
2004). Sorafenib has shown cytostatic effects in thyroid tumor cells lines, both with and 
without the presence of BRAF mutations (Salvatore et al., 2006). In xenografts, daily 
administration of sorafenib inhibits phospho-MEK activity, attenuates tumour growth, and 
reduces Ki67/MIB-1 staining. Sorafenib received approval from the US Food and Drug 
Administration for the treatment of metastastic renal cancer, a malignancy where BRAF 
mutations have not been observed. In this case, it is believed that the clinical efficacy of 
sorafenib may derive more from its anti-VEGF activity than from BRAF block. Data from 
multiple clinical studies for the treatment of advanced thyroid cancer with sorafenib have 
been reported (Gupta-Abramson et al., 2008; Hoftijzer et al., 2009; Kloos et al., 2009). Three 
phase II studies have been conducted to determine the efficacy of sorafenib in advanced 
thyroid carcinomas of follicular origin. Despite its promising preclinical properties, the 
preliminary efficacy data for sorafenib in patients with thyroid cancer appear modest. This 
drug was shown to have a partial response in some patients with progressive PTC. 
Currently, phase II clinical trials are underway using BAY 43-9006 in the treatment of ATC 
and metastatic MTC. Preliminary results of the trial in patients with progressive PTC have 
shown minimal or partial response in some patients. However, several second-generation 
small molecule inhibitors of BRAF and MEK that exhibit in vitro activity exceeding that of 
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sorafenib are currently being investigated. Presumably, these and other emerging RAF 
inhibitors may provide a more robust effect against MAP kinase activity in clinical trials. 
Another strategy to block growth of thyroid tumor is through the inhibition of angiogenesis 
(Ferrara & Kerbel, 2005). This results in reduced delivery of oxygen and nutrients to tumor 
cells and a reduced removal of waste and CO2, which ultimately compromises cell viability. 
VEGF is a stimulator of angiogenesis that substantially contributes to tumor progression. 
AMG 706 is an ATP-competitive inhibitor of VEGFR1, VEGFR2 and VEGFR3 that inhibits 
VEGF-induced cell proliferation and vascular permeability, thus inducing tumour 
regression in vivo (Polverino et al. 2006). AMG 706 has shown encouraging anti-tumour 
activity in a subset of patients with iodine-refractory metastatic thyroid cancer in a phase I 
study.  
Axitinib is an oral tyrosine kinase inhibitor that effectively blocks VEGFR1, VEGFR2 and 
VEGFR3 at subnanomolar concentrations. As AMG 706, it also appears to inhibit c-KIT and 
PDGFRβ. A multicenter phase II study examined the efficacy of axitinib in advanced or 
metastatic thyroid carcinoma (Cohen et al., 2008a). Among the 45 evaluable patients, 30% 
experienced a partial response and 38% presented stable disease lasting more than 16 weeks, 
yielding an objective response rate of 30% and a disease control rate of 68%.  
Motesanib diphosphate is an oral inhibitor that blocks VEGFRs at nanomolar concentrations 
(VEGFR1 IC50 of 2 nM; VEGFR2 IC50 of 3 nM; VEGFR3 IC50 of 6 nM) (Sherman et al., 
2008b). Moreover, it appears to inhibit c-KIT (IC50 of 8 nM), PDGFRβ (IC50 of 84 nM) and 
RET (IC50 of 59 nM) either wild type or mutated. A multicenter phase II study examined the 
efficacy of motesanib in locally advanced or metastatic, radioiodine-resistant differentiated 
thyroid cancer (Sherman et al., 2008b; Schlumberger et al., 2009). The study yielded an 
objective response rate of 14% and a disease control rate of 81%. The median estimate of 
progression-free survival was 40 weeks.  
Finally, sunitinib is an oral inhibitor that inhibits VEGFR1 (IC50 of 2 nM), VEGFR2 (IC50 of 
9 nM), VEGFR3 (IC50 of 17 nM), RET (IC50 of 41 nM), RET/PTCs (for RET/PTC3 IC50 of 
224 nM) and PDRGRβ (IC50of 2nM) (Kim et al., 2006). In an initial phase II study 43 patients 
with metastatic, iodine-refractory thyroid carcinoma of all histological sub-types were 
enrolled (Cohen et al., 2008b). Partial response was observed in 13% of patients, stable 
disease in 68%, and progressive disease in 10%, yielding an objective response rate of 13% 
and a disease control rate of 81%. As the results of additional ongoing clinical trials are 
expected to be available in the near future, it is expected to reach a more precise assessment 
of the role of such molecular inhibitors, administered alone or in combination, in the therapy 
of thyroid cancer. 

5. Conclusions 
In conclusion, our increasing understanding of the biology of thyroid follicular cancer is 
leading to the development of novel and promising therapies. Tumour-initiating events 
have been identified in a high proportion of the most frequent types of thyroid cancer - PTC, 
FTC, and ATC. All the genetic alterations identified so far converge in few signalling 
cascades – the RTK/RAS, the BRAF/MAPK and the PI3K/AKT pathways, respectively. 
This provides a strong basis for the development of novel gene-based diagnostic, 
prognostic, and therapeutic strategies. In fact, the treatment of advanced thyroid cancer is 
changing dramatically following the development of kinase inhibitors. It remains to be 
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targeted therapies - especially tyrosine kinase inhibitors - for the treatment of advanced 
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signalling, several small molecules that target this pathway are currently being developed 
(Sherman, 2009). Several lines of evidence suggest that RET/PTC can be a good target. The 
quinazoline low molecular weight tyrosine kinase inhibitor ZD6474 (Vandetanib), a potent 
inhibitor of the VEGF receptor-2 (flk-1/KDR), has also been shown to inhibit the enzymatic 
and transforming activity of RET/PTC oncoproteins and to block the growth of RET/PTC3-
induced tumours in nude mice (Carlomagno et al., 2002). Multiple phase II clinical trials 
testing the efficacy of ZD6474 in patients with metastatic medullary thyroid cancer, as well 
as metastatic papillary cancer are currently underway. In the case of patients with metastatic 
familial medullary thyroid carcinoma one of these clinical trials demonstrated partial 
response in 17% of patients and stable disease in another 33% (Sherman, 2008a).  
BRAF represents another valuable therapeutic candidate for treatment of thyroid cancer due 
to the high frequency of BRAF mutation in thyroid tumors and its association with tumor 
dedifferentiation and resistance to the conventional radioiodine therapy. The biaryl urea 
Sorafenib (BAY 43-9006) is a potent inhibitor of BRAF, VEGFR and RET (Wilhelm et al., 
2004). Sorafenib has shown cytostatic effects in thyroid tumor cells lines, both with and 
without the presence of BRAF mutations (Salvatore et al., 2006). In xenografts, daily 
administration of sorafenib inhibits phospho-MEK activity, attenuates tumour growth, and 
reduces Ki67/MIB-1 staining. Sorafenib received approval from the US Food and Drug 
Administration for the treatment of metastastic renal cancer, a malignancy where BRAF 
mutations have not been observed. In this case, it is believed that the clinical efficacy of 
sorafenib may derive more from its anti-VEGF activity than from BRAF block. Data from 
multiple clinical studies for the treatment of advanced thyroid cancer with sorafenib have 
been reported (Gupta-Abramson et al., 2008; Hoftijzer et al., 2009; Kloos et al., 2009). Three 
phase II studies have been conducted to determine the efficacy of sorafenib in advanced 
thyroid carcinomas of follicular origin. Despite its promising preclinical properties, the 
preliminary efficacy data for sorafenib in patients with thyroid cancer appear modest. This 
drug was shown to have a partial response in some patients with progressive PTC. 
Currently, phase II clinical trials are underway using BAY 43-9006 in the treatment of ATC 
and metastatic MTC. Preliminary results of the trial in patients with progressive PTC have 
shown minimal or partial response in some patients. However, several second-generation 
small molecule inhibitors of BRAF and MEK that exhibit in vitro activity exceeding that of 

 
Molecular Biology of Thyroid Cancer 

 

221 

sorafenib are currently being investigated. Presumably, these and other emerging RAF 
inhibitors may provide a more robust effect against MAP kinase activity in clinical trials. 
Another strategy to block growth of thyroid tumor is through the inhibition of angiogenesis 
(Ferrara & Kerbel, 2005). This results in reduced delivery of oxygen and nutrients to tumor 
cells and a reduced removal of waste and CO2, which ultimately compromises cell viability. 
VEGF is a stimulator of angiogenesis that substantially contributes to tumor progression. 
AMG 706 is an ATP-competitive inhibitor of VEGFR1, VEGFR2 and VEGFR3 that inhibits 
VEGF-induced cell proliferation and vascular permeability, thus inducing tumour 
regression in vivo (Polverino et al. 2006). AMG 706 has shown encouraging anti-tumour 
activity in a subset of patients with iodine-refractory metastatic thyroid cancer in a phase I 
study.  
Axitinib is an oral tyrosine kinase inhibitor that effectively blocks VEGFR1, VEGFR2 and 
VEGFR3 at subnanomolar concentrations. As AMG 706, it also appears to inhibit c-KIT and 
PDGFRβ. A multicenter phase II study examined the efficacy of axitinib in advanced or 
metastatic thyroid carcinoma (Cohen et al., 2008a). Among the 45 evaluable patients, 30% 
experienced a partial response and 38% presented stable disease lasting more than 16 weeks, 
yielding an objective response rate of 30% and a disease control rate of 68%.  
Motesanib diphosphate is an oral inhibitor that blocks VEGFRs at nanomolar concentrations 
(VEGFR1 IC50 of 2 nM; VEGFR2 IC50 of 3 nM; VEGFR3 IC50 of 6 nM) (Sherman et al., 
2008b). Moreover, it appears to inhibit c-KIT (IC50 of 8 nM), PDGFRβ (IC50 of 84 nM) and 
RET (IC50 of 59 nM) either wild type or mutated. A multicenter phase II study examined the 
efficacy of motesanib in locally advanced or metastatic, radioiodine-resistant differentiated 
thyroid cancer (Sherman et al., 2008b; Schlumberger et al., 2009). The study yielded an 
objective response rate of 14% and a disease control rate of 81%. The median estimate of 
progression-free survival was 40 weeks.  
Finally, sunitinib is an oral inhibitor that inhibits VEGFR1 (IC50 of 2 nM), VEGFR2 (IC50 of 
9 nM), VEGFR3 (IC50 of 17 nM), RET (IC50 of 41 nM), RET/PTCs (for RET/PTC3 IC50 of 
224 nM) and PDRGRβ (IC50of 2nM) (Kim et al., 2006). In an initial phase II study 43 patients 
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enrolled (Cohen et al., 2008b). Partial response was observed in 13% of patients, stable 
disease in 68%, and progressive disease in 10%, yielding an objective response rate of 13% 
and a disease control rate of 81%. As the results of additional ongoing clinical trials are 
expected to be available in the near future, it is expected to reach a more precise assessment 
of the role of such molecular inhibitors, administered alone or in combination, in the therapy 
of thyroid cancer. 

5. Conclusions 
In conclusion, our increasing understanding of the biology of thyroid follicular cancer is 
leading to the development of novel and promising therapies. Tumour-initiating events 
have been identified in a high proportion of the most frequent types of thyroid cancer - PTC, 
FTC, and ATC. All the genetic alterations identified so far converge in few signalling 
cascades – the RTK/RAS, the BRAF/MAPK and the PI3K/AKT pathways, respectively. 
This provides a strong basis for the development of novel gene-based diagnostic, 
prognostic, and therapeutic strategies. In fact, the treatment of advanced thyroid cancer is 
changing dramatically following the development of kinase inhibitors. It remains to be 
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determined whether combinations of targeted therapies with chemotherapy or radiotherapy 
will improve response rates. The results of the on-going clinical trials, as well as the new 
agents in development, will likely contribute to improve the lives of patients with advanced 
thyroid cancer.  
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1. Introduction 
Medullary thyroid cancer (MTC) occurs in less than 1% of thyroid nodules and accounts for 
5-10% of thyroid malignancies. It is a well-differentiated neuroendocrine carcinoma arising 
from parafollicular calcitonin-producing cells (C-cells) of the thyroid gland and is associated 
with elevated serum calcitonin levels. Among well-differentiated thyroid carcinomas, MTC 
is the most aggressive, with survival rates of 40-50% at 10 years (American Thyroid 
Association [ATA] Guidelines Task Force et al., 2009; Leboulleux et al., 2004). In about 20-
25% of cases, MTC can be part of an autosomal dominant inherited cancer syndrome called 
Multiple Endocrine Neoplasia type 2 (MEN2), caused by activating germline mutations of 
the RET proto-oncogene, where this tumor is isolated (Familial MTC – FMTC) or is 
associated to other tumors (parathyroid adenoma, pheochromocytoma and cutaneous lichen 
amyloidosis in MEN2A; pheochromocytoma, mucosal and intestinal ganglioneuromatosis, 
marfanoid habitus in MEN2B). In the remaining 75-80% of cases MTC is sporadic (ATA 
Guidelines Task Force et al., 2009; Brandi et al., 2001; Leboulleux et al., 2004). Depending on 
the type of the genetic syndrome, clinical features, therapeutic approaches and prognosis of 
MTC are very different (Brandi et al., 2001). 
Calcitonin is a small peptide secreted by C-cells. It is the most specific and sensitive marker of 
MTC in patients with one or more thyroid nodules, useful in the diagnosis and follow-up of 
this tumor (ATA Guidelines Task Force et al., 2009; Leboulleux et al., 2004). High serum 
calcitonin levels are physiological in neonates, followed by an age-related decline from birth to 
about 1 year of age (Leboulleux et al., 2004). Elevated basal serum calcitonin levels are found in 
subjects with C-cells hyperplasia (CCH) or MTC. Anyway, in some cases it is possible to 
observe false positive or false negative for serum calcitonin levels in adult individuals.  
After excluding conditions that may cause falsely positive high levels of calcitonin, it is 
necessary to exclude tumors associated to ectopic production of calcitonin, which may 
represent up to 15% of cases (Pacini et al., 2010; Toledo et al., 2009). 
Another tumor marker used in the follow-up of MTC is carcino-embryonic antigen (CEA), a 
cytosolic enzyme which is not a specific biomarker for MTC being generally expressed by 
many endocrine and non-endocrine tumors. In MTC, CEA is considered to have lower 
diagnostic accuracy than calcitonin (Meijer et al., 2010). There is no close relationship 
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between serum levels of CEA, that are normal in patients with early stage MTC, and 
calcitonin.   
Pentagastrin stimulation test for calcitonin is the most widely used test for calcitonin 
secretion, useful to distinguish normal C-cells from pathological C-cells (Leboulleux et al., 
2004; Milone et al., 2010; Pacini et al., 2010).  
CCH and early-stage MTC are often difficult to distinguish on routine biochemical and 
histological examination. This differentiation is very important for therapy and for 
prognosis. 
If the diagnosis of MTC needs to be always confirmed by histology, by a clinical and 
biochemical point of view, pentagastrin stimulation test, immunocytochemistry for 
calcitonin and calcitonin measurement in wash-out fluid from fine-needle aspiration of 
suspicious thyroid nodules may reliably indicate this diagnosis. 
Primary treatment of both hereditary and sporadic MTC is total thyroidectomy with lymph 
node dissection, with the intention of remove all neoplastic tissue present in the neck 
(Leboulleux et al., 2004).  
The postoperative follow-up of patients with MTC should be performed to early identify 
recovery or persistence/relapse of MTC in patients with elevated concentrations of 
biochemical markers after surgery. 

1.1 Embryogenesis of C-cells and pathogenesis of MTC  
Parafollicular calcitonin-producing cells (C-cells) arise from the neural crest and have a 
common origin with the adrenal medullary chromaffin cells, enterochromaffin cells, 
pituitary corticotrophs and melanotrophs, and islet cells. This entire series of cells was 
included under the descriptive term APUD cells by Pearse (Hazard, 1977). During the 
embryonic life C-cells migrate forward into the thyroid gland. The thyroid should be looked 
upon as a double gland with two separate types of peptide-producing cells. C-cells account 
less than 1% of thyroid cells, are located inside the thyroid follicles and are most numerous 
at the junction of the upper third and the lower two-thirds of the thyroid lobes (Leboulleux 
et al., 2004).  
Thyroid C-cells differ from solid cell nests (SCN) of the thyroid gland. They are two thyroid 
specific cell type with a common  embryological origin in the ultimobranchial body but with 
different physiological roles. SCN are found in about 5-60% of human thyroid gland and 
comprise compact spindle or polygonal cells with a strong and diffuse immunostaining for 
cytokeratin, galectin-3 (GAL-3) and CEA and rarely for calcitonin. In contrast, normal and 
hyperplastic C-cells express both calcitonin and CEA but not GAL-3 while malignant C-cells 
forming MTC are positive for calcitonin, CEA and GAL-3 immunostaining. SCN are often 
found in both normal and pathological thyroid tissue and they are not related to the presence 
of thyroid disorder (Faggiano et al., 2003).  
GAL-3 is a β-galactoside-binding protein, localized predominantly in the cytoplasm, that 
plays a role in various processes such as cell adhesion, growth and neoplastic 
transformation. In epithelial thyroid tumors, GAL-3 immunostaining is positive in 
malignant tumors but negative in benign lesions. GAL-3 immunostaining is also a 
reliable marker of malignancy in patients with C-cells disease and its use may have 
clinically relevant prognostic and therapeutic implications (Faggiano et al., 2002)  
(Figure 1). 
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Fig. 1. Expression of calcitonin (CT), CEA and GAL-3 in medullary thyroid cancer (MTC) 
and C-cells hyperplasia (CCH). Photos a, c, e, g represent a MTC case: CT, CEA and GAL-3 
are diffusely expressed in tumor tissue at the cytoplasmatic level. Some tumor cells also 
display GAL-3 positivity at the nuclear level (black arrows). The specificity of anti-GAL-3 
antibodies is demonstrated by negativity in control sections (CS) of the same tumor. Photos 
b, d, f represent a CCH case: CT and CEA are strongly positive and GAL-3 is negative in 
large C-cells (from Faggiano et al., 2002).   
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CCH is defined as the presence of at least three fields containing more than or equal 50 C-
cells in a single low-power field (magnification of x 100) (Santesanio et al., 1997). The 
prototypic histologic features of MTC are sheets, packets or irregular islands of polygonal or 
plump spindly cells traversed by small fibrovascular septa (Hazard, 1997). MTC is defined 
by the presence of fibrous and/or amyloid stroma between C-cells, infiltration of interstitial 
tissue by C-cells and coalescence of hyperplastic C-cells nodules (Faggiano et al.,  2002; 
Faggiano et al., 2003).  
MTC cells typically produce an early biochemical signal that consists of hypersecretion of 
calcitonin. Calcitonin and CEA are expressed in hyperplastic and malignant C-cells 
(Leboulleux et al., 2004). 
In all CCH and MTC there is a positive immunohistochemical staining for calcitonin and 
CEA. Mixed MTC are uncommon and are characterized by the combination of C-cells and 
follicular features (Leboulleux et al., 2004). 
Sporadic C-cells hyperplasia differs from C-cells hyperplasia associated to hereditary MTC 
syndromes. While the first one, in fact, is usually benign and associated with much less, is 
any, malignant potential, the latter is generally considered a precancerous condition in the 
familial MTC where there is a progression from normal C-cells to CCH, micro-MTC and 
clinical MTC (Leboulleux et al., 2004; Milone et al., 2010; Perry et al., 1996). Sporadic MTC is 
usually unifocal and represented by a unique tumor nodule while familial MTC appears 
bilateral and multicentric, often with multifocal disease in a background of CCH. In fact, all 
patients with hereditary MTC virtually presented CCH (Leboulleux et al., 2004). 
There are two different types of CCH: physiologic or reactive, where the number of follicles 
with one or more C-cells is increased, associated with inflammatory and metabolic disorders 
and classically with a chronic lymphocytic thyroiditis, and nodular or neoplastic, 
characterized by an increased number of C-cells aggregates, frequent in tumors. Physiologic 
CCH cannot be recognized with certainty on routine histological sections and has to be 
diagnosed with the help of immunostains. On the other hand, nodular or neoplastic CCH 
can be identified with conventional histological sections because the C-cells are large, mildly 
to moderately atypical and cytologically indistinguishable from those of invasive MTC, 
resulting in a partial or complete replacement of the follicle (Albores-Saavedra & Krueger, 
2001; Perry et al., 1996).  

1.1.1 Hereditary MTC syndrome 
Hereditary MTC syndrome (MEN2 – multiple endocrine neoplasia type 2 or Sipple’s 
syndrome) is an autosomal disorder characterized by activating germline mutations of the 
RET proto-oncogene, with a prevalence of 1:30,000 subjects (Brandi et al., 2001).  It is divided 
in three clinical variants: a) MEN2A (medullary thyroid cancer, mono- or bilateral 
pheochromocytoma, primary hyperparathyroidism and cutaneous lichen amyloidosis); b) 
familial medullary thyroid cancer (FMTC); c) MEN2B (medullary thyroid cancer, mono- or 
bilateral pheochromocytoma, mucosal and intestinal ganglioneuromatosis, marfanoid 
habitus) (Brandi et al., 2001; Raue & Frank-Raue, 2007). Although these variants have MTC 
as a common denominator, they differ for the aggressiveness of this cancer, in a decreasing 
order MEN2B>MEN2A>FMTC (Raue & Frank-Raue, 2007).  
In patients with FMTC, MTC is the only clinical manifestation. According to the 
“International RET Mutation Consostium”, to make the diagnosis of FMTC is required the 
onset of MTC in at least four family members (Mulligan et al., 1995). 

 
Diagnosis and Differential Diagnosis of Medullary Thyroid Cancer   

 

239 

Patients affected with hereditary MTC syndrome initially develop CCH that then progresses 
to early invasive medullary microcarcinoma, and eventually develop invasive macroscopic 
MTC (ATA Guidelines Task Force et al., 2009). 
MEN2 has a genotype-phenotype correlation. In fact, an association between specific 
mutations of the RET gene and the age at onset, the aggressiveness of MTC and the presence 
of other endocrine disorders is well documented. The RET mutation screening allows to 
stratify the risk in three levels, depending on the mutated codon. The specifically mutated 
RET codons correlate with the MEN2 variant, with the age at onset and the aggressiveness 
of thyroid cancer. MTC generally occurs in the first year of age in subjects with MEN2B, 
between 5 and 25 years in subjects with MEN2A and later in subjects with FMTC. In patients 
with MEN2, the therapeutic approach is correlated to the clinical subtype and to the 
mutation, according to the risk levels (Brandi et al., 2001) (Table 1).  
 

Risk level Domain Codons MEN2 variant 
    
1 (Low) Extracellular 609 MEN2A 
 Intracellular 768, 790, 791, 804 FMTC 
 Intracellular 891 MEN2A 
    
2 (High) Extracellular 611, 618, 620, 630, 634 MEN2A 
    
3 (Very high) Intracellular 883, 918, 922 MEN2B 
    

Table 1. Risk levels in MEN2 syndrome. 

Subjects with the highest risk level (3) have the most aggressive MTC and should have 
thyroidectomy with a central node dissection within the first six months of life and 
preferably within the first month of life. In subjects classified as risk 2 level, thyroidectomy 
with removal of the posterior capsule should be performed before the age of five years. For 
subjects with the lowest risk level (1) at this moment there are differing opinions on when 
thyroidectomy should be performed. According to some authors, in fact, total 
thyroidectomy with lymph node dissection of the central compartment should be practiced 
within the fifth year of life, according to others such intervention should be performed later, 
but within the tenth year of life. Other authors finally suggest to periodically perform the 
pentagastrin stimulation test for calcitonin and to perform the surgery at the first positive 
test. In all cases, if a pheochromocytoma is present, total thyroidectomy should be 
performed after surrenectomy to avoid a catecholaminergic crisis during the surgery 
(Brandi et al., 2001).        

1.2 Diagnosis of MTC in patients with the suspicion of MTC 
Thyroid tumors are the most common endocrine neoplasms. Most of thyroid nodules are 
benign but in the 5-10% of cases they are carcinomas. MTC occurs in less than 1% of thyroid 
nodules and accounts for 5-10% of thyroid malignancies (Schlumberger et al., 2003). 
Sporadic MTC can arise clinically at any age but its incidence peaks during the fourth and 
sixth decades of life (Leboulleux et al., 2004). 
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Patients affected with hereditary MTC syndrome initially develop CCH that then progresses 
to early invasive medullary microcarcinoma, and eventually develop invasive macroscopic 
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Risk level Domain Codons MEN2 variant 
    
1 (Low) Extracellular 609 MEN2A 
 Intracellular 768, 790, 791, 804 FMTC 
 Intracellular 891 MEN2A 
    
2 (High) Extracellular 611, 618, 620, 630, 634 MEN2A 
    
3 (Very high) Intracellular 883, 918, 922 MEN2B 
    

Table 1. Risk levels in MEN2 syndrome. 

Subjects with the highest risk level (3) have the most aggressive MTC and should have 
thyroidectomy with a central node dissection within the first six months of life and 
preferably within the first month of life. In subjects classified as risk 2 level, thyroidectomy 
with removal of the posterior capsule should be performed before the age of five years. For 
subjects with the lowest risk level (1) at this moment there are differing opinions on when 
thyroidectomy should be performed. According to some authors, in fact, total 
thyroidectomy with lymph node dissection of the central compartment should be practiced 
within the fifth year of life, according to others such intervention should be performed later, 
but within the tenth year of life. Other authors finally suggest to periodically perform the 
pentagastrin stimulation test for calcitonin and to perform the surgery at the first positive 
test. In all cases, if a pheochromocytoma is present, total thyroidectomy should be 
performed after surrenectomy to avoid a catecholaminergic crisis during the surgery 
(Brandi et al., 2001).        

1.2 Diagnosis of MTC in patients with the suspicion of MTC 
Thyroid tumors are the most common endocrine neoplasms. Most of thyroid nodules are 
benign but in the 5-10% of cases they are carcinomas. MTC occurs in less than 1% of thyroid 
nodules and accounts for 5-10% of thyroid malignancies (Schlumberger et al., 2003). 
Sporadic MTC can arise clinically at any age but its incidence peaks during the fourth and 
sixth decades of life (Leboulleux et al., 2004). 
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The suspicion of MTC  arises in a patient with one or more thyroid nodules associated with 
elevated basal calcitonin levels (> 10 pg/ml), with or without a familial history of MTC.  
In the presence of a thyroid nodule, several clinical features may prompt to suspect a MTC: 
its location in the upper third of the thyroid lobe, pain during the thyroid palpation, a 
diarrhoeal syndrome and flushing that are more frequent in patients with a large tumor 
burden. At the ultrasonography, MTC usually appears as a hypoechogenic solid nodule 
with frequent microcalcifications, with or without lymph node abnormalities (Leboulleux et 
al., 2004). 
High serum calcitonin levels are physiological in neonates, followed by an age-related 
decline from birth to about 1 year of age (Leboulleux et al., 2004). Elevated basal serum 
calcitonin levels are found in subjects with CCH or MTC. Anyway, in some cases it is 
possible to observe false positive for high serum calcitonin levels in adult individuals. 
Conditions related to high calcitonin levels are: severe chronic renal failure and dialysis, 
chronic hypercalcemia, therapies with proton-pump inhibitors or other drugs, chronic 
hypergastrinemia, pernicious anemia, hepatic cirrhosis, auto-immune thyroid disorders or 
follicular tumor, hyperthyroidism, hyperparathyroidism and pseudo-
hypoparathyroidism, systemic inflammatory state, pregnancy and lactation. Furthermore, 
calcitonin assays can be falsely positive because of interference with circulating 
heterophilic antibodies binding (Leboulleux et al., 2004; Pacini et al., 2010). Calcitonin 
levels are also correlated with age and BMI (especially in men) and cigarette smoking can 
increase the plasma concentration of calcitonin (van Veelen et al., 2009) (Table 2). False 
negative for calcitonin serum concentrations are also possible and are related to the “hook 
effect” (Leboeuf et al., 2006). 
 

Non-thyroid diseases Thyroid diseases Drugs Physiological 
conditions 

Hypergastrinemia Auto-immune 
thyroiditis 

Proton-pump 
inhibitors Age 

Hyperparathyroidism Hyperthyroidism Glucocorticoid
s BMI 

Pseudohypoparathyroidism Thyroid 
carcinoma Beta-blockers Sex 

Chronic renal failure  Glucagon Physical 
activity 

Pernicious anemia   Pregnancy 
Hepatic cirrhosis  Smoking Lactation 

Inflammatory state    
Neuroendocrine tumors    

Pheochromocytoma    
Paraganglioma    
Breast cancer    
Enteropancreatic tumors    
Small cell lung carcinoma    

Table 2. Conditions associated to high serum calcitonin levels independently  of medullary 
thyroid carcinoma. 
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MTC may also express a number of genes usually not expressed or expressed at low levels 
in the normal C-cells. The protein products of these genes include somatostatin, pro-
opiomelanocortin, vasointestinal active peptide, serotonin, prostaglandins and others and 
they can produce clinical syndromes including Cushing’s disease, flushing or diarrhoea. 
Chromogranin-A levels may also be elevated in the presence of large metastases 
(Leboulleux et al., 2004). 
Diagnosis of MTC is based on typical histological characteristics (tumor cells arranged in 
trabecular, insular or sheet-like patterns with or without stromal amyloid deposits) and 
immunohistochemical findings (positive staining for calcitonin, CEA and chromogranin and 
negative staining for thyroglobulin) (Costante et al., 2007). Anyway, pentagastrin 
stimulation test, immunocytochemistry for calcitonin and calcitonin measurement in wash-
out fluid from fine-needle aspiration of thyroid nodules are suggestive. 
The primary treatment of both hereditary and sporadic MTC is total thyroidectomy with 
lymph node dissection, with the intention of remove all neoplastic tissue present in the neck. 
Surgery should be performed after careful exclusion of pheochromocytoma (Leboulleux et 
al., 2004). Classification of MTC is based on the pathological tumor node metastases (TNM) 
system (Table 3). 
 

T (primary tumor) Tx: Primay tumor cannot be assessed 
 T0: No evidence of primary tumor 

 T1:  Tumor size ≤ 2 cm and no growth out of the 
thyroid  

 T1a: Tumor size < 1 cm and no growth out of the 
thyroid 

 T1b: Tumor size between 1 and 2 cm and no growth 
out of the thyroid 

 T2: Tumor size between 2 and 4 cm and no growth out 
of the thyroid 

 T3: Tumor size ≥ 4 cm or small growth out of the 
thyroid 

 
T4a: Tumor of any size with extensive growth beyond 
the thyroid gland into nearby tissues of the neck 
(Moderately advanced disease) 

 
T4b: Tumor of any size with either back toward the 
spine or into nearby large blood vessels (Very 
advanced disease) 

N (regional lymph node 
metastases) Nx: Regional lymph nodes cannot be assessed 

 N0: No evidence of regional lymph nodes 
 N1:  The cancer has spread to nearby lymph nodes 

 N1a: The cancer has spread to lymph nodes around the 
thyroid 

 N1b: The cancer has spread to other lymph nodes in 
the neck or behind the throat or in the upper chest  

M (distant metastases) Mx: Distant metastases cannot be assessed 
 M0: No evidence of distant metastases 
 M1: Evidence of distant metastases 

Table 3. TNM system for medullary thyroid cancer (MTC). 
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A diagnosis of MTC in an early and therefore potentially surgically eradicable and higher 
curable stage of disease is essential to improve the prognosis of this tumor (Pacini et al., 
1994). 
In patients with non-metastatic MTC, survival rates amount about 78-100% at 5-year and 
75% at 10-year, respectively. Survival rates strongly decrease in case of metastatic disease 
and amount about 24% at 5-year and 10% at 10-year respectively (Kapiteijn et al., 2011).  

1.3 Usefulness of pentagastrin stimulation test for diagnosis of MTC and differential 
diagnosis between subjects affected by C-cells proliferation and normal subjects and 
between CCH and MTC 
Pentagastrin stimulation test for calcitonin is the most widely used test for calcitonin 
secretion, useful to distinguish normal C-cells from pathological C-cells (Leboulleux et al., 
2004; Milone et al., 2010; Pacini et al., 2010). This test is performed in case of borderline 
serum calcitonin levels or in case of high serum calcitonin levels but less than 100 pg/ml. 
After overnight fasting, basal serum calcitonin is measured and then the patient receives a 
slow intravenous injection of 0.5 μg pentagastrin per Kg body weight and calcitonin is 
measured again 3 and 5 minutes after the injection. 
Serum calcitonin concentrations are helpful in the early detection of C-cells disease but it is 
still unclear whether they can be used also for the preoperative differential diagnosis 
between CCH and MTC on the basis of the calcitonin peak after pentagastrin stimulation 
test. Few studies have been performed to preoperatively discriminate between CCH and 
MTC but they show high variability in the calcitonin cut-offs after pentagastrin test to 
discriminate between CCH and MTC. A calcitonin cut-off after pentagastrin stimulation test 
corresponding to about 300 pg/ml seems to be highly predictive in preoperatively 
distinguishing CCH from MTC (Figure 2). In the clinical practice, this finding may need to 
perform surgery in patients with calcitonin levels higher than these after pentagastrin 
stimulation test and to submit a periodical re-evaluation with the stimulation test and neck 
ultrasonography in those patients with calcitonin levels between about 100 and 300 pg/ml 
(Milone et al., 2010). 
The pentagastrin stimulation test is contraindicated during pregnancy and in patients with 
asthma, coronary disease, severe hypertension or duodenal ulcer. Side-effects include 
dizziness, tachycardia/bradycardia, nausea and substernal tightness (Leboulleux et al., 
2004; Pacini et al., 2010).  

1.4 Differential diagnosis between CCH/MTC and ectopic calcitonin secretion 
In about 15% of cases high levels of calcitonin are associated to ectopic production by 
tumors. Neuroendocrine tumors arising from gastro-entero-pancreatic tract (gastrinoma, 
VIPoma, insulinoma, etc.), respiratory tract (lung, bronchus), breast , medulla of adrenal 
gland and paraganglia may be associated with elevated serum calcitonin levels, even in 
cases where there is a negative immunohistochemistry reaction for calcitonin (Pacini et al., 
2010; Toledo et al., 2009) (Table 2).  
Considering false positive causes of increased serum calcitonin levels and the above 
mentioned tumors associated with ectopic secretion of this marker, it is not surprising that 
hypercalcitoninemia  could result sometimes in erroneous recommendations of total 
thyroidectomy. Therefore, in order to avoid misdiagnosis and unnecessary thyroid surgery, it 
is mandatory to conduct correct investigations in cases with  elevated basal serum calcitonin 
levels in order to rule out possible diagnosis different from MTC (Toledo et al., 2009). 
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Fig. 2. Calcitonin peak after pentagastrin stimulation test performed before surgery to 
preoperatively distinguish C cell hyperplasia (CCH) and medullary thyroid cancer (MTC) 
(from Milone et al., 2010). 

1.5 Usefulness of fine-needle cytology (FNC) to preoperatively recognize a MTC 
Fine-needle aspiration cytology (FNC) represents the main tool in the diagnostic evaluation 
of thyroid nodules, but it is not frequently proposed as a routine procedure in patients with 
high serum calcitonin levels, due to its low specificity and sensitivity (Boi et al., 2007). 
Routine measurement of calcitonin in nodular thyroid disease is a specific and sensitive 
method to improve the early preoperative diagnosis of unsuspected sporadic MTC with 
better accuracy than routine FNC. Serum calcitonin is also more sensitive than FNC in the 
pre-operative diagnosis of MTC (Elisei et al., 2004). Serum calcitonin is the most sensitive 
and accurate diagnostic tool for MTC, but it is not helpful to localize primary tumor in the 
thyroid and its neck recurrence or metastases in patients submitted to thyroidectomy (Boi et 
al., 2007). Immunohistochemistry with anti-calcitonin antibodies improves the diagnostic 
sensitivity of FNC. Anyway, this procedure is only performed when there is a strong 
suspicion of MTC and not on routine basis. On this basis, serum calcitonin should be 
measured routinely in the clinical work-up of thyroid nodules, followed by a pentagastrin 
stimulation test in all cases of detectable basal calcitonin levels (Elisei et al., 2004). Increasing 
the diagnostic accuracy could help the surgeon to perform more radical treatment of MTC, 
thus achieving frequent normalization of postoperative serum calcitonin levels. Anyway, 
whether this results indicates definitive cure remains to be established on the basis of longer 
follow-up (Pacini et al., 1994).  
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Assaying calcitonin in the wash-out fluid and immunohistochemistry for calcitonin from 
FNC under ultrasonographic guidance could be useful in the preoperative diagnosis of 
MTC. 
There are several studies that aimed to evaluate the usefulness of calcitonin assay in the 
wash-out from FNC, alone or combined with cytology in the pre-surgical evaluation of MTC 
patients with thyroid nodules. Anyway, although elevated serum calcitonin levels, basal 
and after pentagastrin stimulation test, strongly suggest the presence of MTC, no study 
showed a statistical correlation between serum calcitonin levels and calcitonin levels in the 
wash-out fluid from FNC.  
Calcitonin assay in the wash-out from FNC seems to be a highly reliable diagnostic 
procedure to identify primary tumor and recurrent or metastatic MTC (Boi et al., 2007). 

1.6 Diagnosis of MTC persistence/relapse after surgery 
The definitive cure of MTC is strongly dependent on the completeness of the first surgical 
treatment. If tumor tissue is not totally removed, the subsequent surgeries are not as 
effective as a complete primary surgery in achieving the disease remission. Anyway, the 
clinical, biochemical and radiological criteria to establish how extended has to be the 
surgical act to completely abrogate the risk of relapse are not clear.  
For node-positive thyroid cancers, compartment-oriented microdissection is the gold 
standard of care, whereas the concept of prophylactic lymph-node dissection continues to 
arouse controversy. Most studies agree that routine lymph-node dissection is unnecessary 
for low-risk well-differentiated thyroid cancer. Because occult lymph-node metastases are 
frequent in high-risk MTC, compartment-oriented microdissection helps prevent 
reoperations for recurrences arising from residual nodes, sparing patients the excess 
morbidity from reoperations in the neck (Dralle & Machens, 2008). 
Total thyroidectomy and central neck dissection is recommended for all patients with MTC, 
but the indication for lateral neck dissection is still controversial and there is not a standard 
approach to neck surgery. The total number of lymph node metastases is predictive for 
biological remission after surgery. Because of the same frequency in the ipsilateral, 
controlateral and central compartments involvement in either sporadic or hereditary MTC, 
Scollo et al. suggested performing a central and bilateral neck dissection in all patients with 
MTC. A bilateral neck dissection may be avoided in patients with unilateral tumor 
involvement of the thyroid only when no involvement of the ipsilateral and central neck 
compartment is found (Scollo et al., 2003). 
Intraoperative calcitonin monitoring seems to be a predictor of the final outcome after 
surgery in patients with MTC. A  calcitonin decrease greater than 50% 30 minutes after 
surgery is associated with a complete tumor removal while a decrease of calcitonin less than 
50% 30 minutes after surgery indicates an incomplete tumor removal and suggests to extend 
the surgery on other lymph node compartments (Faggiano et al., 2010) (Figure 3). 
In comparison to the differentiated thyroid carcinoma, MTC is more difficult to treat and 
has higher rates of recurrence and mortality. Unlike differentiated carcinoma, there is no 
known effective systemic therapy since MTC cells do not concentrate radioactive iodine and 
MTC does not respond well to external radiotherapy or conventional chemotherapy 
(Czepczyński et al., 2007). 
Prognostic factors (relevant) to predict outcome in MTC include: age at diagnosis, gender, 
initial extent of the disease, such as lymph node and distant metastases, tumor size, extra-
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thyroid invasion, vascular invasion, calcitonin immunoreactivity, amyloid staining and Ki-
67 score in tumor tissue, postoperative gross residual disease, and postoperative plasma 
calcitonin levels (Schlumberger et al., 2003) (Table 4). 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

Fig. 3. Correlation between percentage calcitonin decrease 30 minutes after surgery and 
post-surgical outcome in patients undergone surgery for medullary thyroid cancer (from 
Faggiano et al., 2010). 
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thyroid invasion, vascular invasion, calcitonin immunoreactivity, amyloid staining and Ki-
67 score in tumor tissue, postoperative gross residual disease, and postoperative plasma 
calcitonin levels (Schlumberger et al., 2003) (Table 4). 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

Fig. 3. Correlation between percentage calcitonin decrease 30 minutes after surgery and 
post-surgical outcome in patients undergone surgery for medullary thyroid cancer (from 
Faggiano et al., 2010). 
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Age Patients aged over 50-60 years fare worse 
  
Sex The male sex has been associated with a worse prognosis 
  
Stage of MTC This is the most important prognostic factor. 

The presence of lymph node and distant metastases at presentation is 
associated with a worse prognosis with poor survival 

  
Genetics In a decreasing order, the aggressiveness of hereditary medullary 

thyroid cancer is MEN2B>MEN2A>FMTC. MTC of the MEN2A 
variety is associated with a better prognosis than the sporadic variety 

  
Size Small tumors <1 cm are associated with a better prognosis 
  
Biochemical cure It predicts a good survival 
  
Histological 
features 

High mitotic count (> 1 per 25 high-power field), high Ki-67%, small-
cell variant, necrosis, absence of amyloid are associated with a worse 
prognosis 

Table 4. Prognostic factors to predict outcome in patients with medullary thyroid carcinoma 
(MTC). 

In patients with MTC a long-term biochemical monitoring including serum calcitonin and 
CEA measurements is mandatory (ATA Guidelines Task Force et al., 2009). 
Postoperative unsuppressed calcitonin and CEA concentrations may persist elevated during 
2-3 months after surgery due to their long half-life in the blood, while increasing calcitonin 
and CEA serum levels after this time indicate disease persistence and progression 
(Leboulleux et al., 2004; Pacini et al., 2010; Faggiano et al., 2009). Undetectable basal serum 
calcitonin levels, further confirmed after a pentagastrin stimulation test, are a strong 
predictor of complete remission (Pacini et al., 2010).  
In patients with postoperative persistent calcitonin levels the use of imaging techniques is 
mandatory for diagnostic purposes and therapy decision. Anyway, the detection of tumor 
foci is often not achieved with conventional imaging techniques (neck ultrasonography, CT-
scan, MRI, bone scintigraphy). Postoperative calcitonin concentrations less than 500 pg/ml 
usually indicate a small residual disease in the neck or mediastinal lymph nodes, not easily 
detectable. The evaluation of the clinico-biological and immunohistochemical tumor profile 
may be used in order to select the best imagine technique to be performed in patients with 
postoperative persistent or relapsing MTC. In particular, FDG-PET seems to correlate to 
tumor proliferation index Ki-67% and to be able to detect metastases in patients with 
postoperative persistent MTC when conventional imaging techniques are negative 
(Faggiano et al., 2009) (Figure 4). 
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Fig. 4. Lymph node metastases in a patient with postoperative persistence of medullary thyroid 
carcinoma (MTC) positive at FDG-PET (B) and negative at conventional imaging techniques 
(CT-scan [A], Octreoscan [C] and MIBG-scintigraphy [D]) (from Faggiano et al., 2009). 
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For advanced MTC, conventional oncological therapies (radiotherapy and systemic 
chemotherapy) have scarce effectiveness. For patients with MTC unresponsive to 
conventional treatments, novel therapies are needed to improve disease outcomes. As a 
result of the increasing knowledge on the biological basis of MTC, therapeutic agents that 
target specific molecular pathways have been developed (Kapiteijn et al., 2011). Multiple 
novel therapies primarily targeting angiogenesis have entered clinical trials for metastatic 
thyroid carcinoma (including MTC). Partial response rates up to 30% have been reported, 
but prolonged disease stabilization is more commonly observed. The most successful agents 
are those targeting the vascular endothelial growth factor receptors (VEGFRs) (Sherman, 
2011).  Monotarget kinase inhibitors and multikinase inhibitors could represent the best 
therapeutic option to manage patients with advanced MTC (Kapiteijn et al., 2011). 

2. Conclusions 
Medullary thyroid carcinoma is a secretive neuroendocrine tumor originating from thyroid 
C-cells. This tumor is, after the anaplastic carcinoma, the most aggressive thyroid 
malignancy with high morbidity and mortality. The prognosis of MTC strongly depends on 
early diagnosis and the completeness of the first surgical treatment. In case of lymph node 
involvement at the time of the diagnosis, the outcome is poorer because of a very high rate 
of disease persistence or relapse after surgery.  
Treatment for patients with metastatic or advanced MTC has to taken in account novel 
agents targeting specific molecular pathways and resulting in arrest of tumor growth. 
Future efforts should be directed to develop diagnostic and therapeutic algorithms to obtain 
as early as possible the identification of tumor onset and to differentiate MTC from CCH, 
ensuring high rates of cure and long-time disease free survival. Further studies are required 
to improve knowledge of CCH and MTC, to detect new hereditary MTC-causing mutations 
and develop new diagnostic procedures and therapeutic strategies. 
Finally, to optimize the management of patients with MTC, a multidisciplinary team of all 
the different specialists involved in MTC diagnosis and therapy is highly recommended. 

3. Acknowledgments  
This work was partially supported by a grant from the Italian Minister of Research and 
University in Rome (no. 2008LFK7J5).  

4. References 
Albores-Saavedra, J.A. & Krueger, J.E. (2001). C-cell hyperplasia and medullary thyroid 

microcarcinoma. Endocrine Pathology, Vol.12(No.4):365-377. 
American Thyroid Association Guidelines Task Force, Kloos, R.T., Eng, C., Evans, D.B., 

Francis, G.L., Gagel, R.F., Gharib, H., Moley, J.F., Pacini, F., Ringel, M.D., 
Schlumberger, M. & Wells, S.A. Jr. (2009). Medullary thyroid cancer: management 
guidelines of the American Thyroid Association. Thyroid, Vol.19(No.6):565-612.  

Boi, F., Maurelli, I., Pinna, G., Atzeni, F., Piga, M., Lai, M.L. & Mariotti, S. (2007). Calcitonin 
measurement in wash-out fluid from fine needle aspiration of neck masses in 
patients with primary and metastatic medullary thyroid carcinoma, Journal of 
Clinical Endocrinology and Metabolism, Vol. 92(No.6):2115-2118 

 
Diagnosis and Differential Diagnosis of Medullary Thyroid Cancer   

 

249 

Brandi, M.L., Gagel, R.F., Angeli, A., Bilezikian, J.P., Beck-Peccoz, P., Bordi, C., Conte-
Devolx, B., Falchetti, A., Gheri, R.G., Libroia, A., Lips, C.J., Lombardi, G., Mannelli, 
M., Pacini, F., Ponder, B.A., Raue, F., Skogseid, B., Tamburrano, G., Thakker, R.V., 
Thompson, N.W., Tomassetti, P., Tonelli, F., Wells, S.A. Jr & Marx, S.J. (2001). 
Guidelines for diagnosis and therapy of MEN type 1 and type 2. Journal of Clinical 
Endocrinology and Metabolism, Vol.86(No.12):5658-5671 

Costante, G., Meringolo, D., Durante, C., Bianchi, D., Nocera, M., Tumino, S., Crocetti, U., 
Attard, M., Maranghi, M., Torlontano, M. & Filetti, S. (2007). Predictive value of 
serum calcitonin levels for preoperative diagnosis of medullary thyroid carcinoma 
in a  cohort of 5817 consecutive patients with thyroid nodules. Journal of Clinical 
Endocrinology and Metabolism, Vol.92(No.2):450-455 

Czepczyński, R., Parisella, M.G., Kosowicz, J., Mikołajczak, R., Ziemnicka, K., Gryczyńska, 
M., Sowiński, J. & Signore, A. (2007). Somatostatin receptor scintigraphy using 
99mTc-EDDA/HYNIC-TOC in patients with medullary thyroid carcinoma. 
European Journal of Nuclear Medicine and Molecular Imaging, Vol.34(No.10):1635-1645 

Dralle, H. & Machens, A. (2008).Surgical approaches in thyroid cancer and lymph-node 
metastases. Best Practice and Research. Clinical Endocrinology and Metabolism, 
Vol.22(No.6):971-987 

Elisei, R., Bottici, V., Luchetti, F., Di Coscio, G., Romei, C., Grasso, L., Miccoli, P., Iacconi, P., 
Basolo, F., Pinchera, A. & Pacini, F. (2004). Impact of routine measurement of serum 
calcitonin on the diagnosis and outcome of medullary thyroid cancer: experience in 
10,864 patients with nodular thyroid disorders. Journal of Clinical Endocrinology and 
Metabolism, Vol.89(No.1):163-168 

Faggiano, A., Grimaldi, F., Pezzullo, L., Chiofalo, M.G., Caracò, C., Mozzillo, N., Angeletti, 
G., Santeusanio, F., Lombardi, G., Colao, A., Avenia, N. & Ferolla, P. (2009). 
Secretive and proliferative tumor profile helps to select the best imaging technique 
to identify postoperative persistent or relapsing medullary thyroid cancer. 
Endocrine-Related Cancer, Vol.16(No.1):225-231 

Faggiano, A., Milone, F., Ramundo, V., Chiofalo, M.G., Ventre, I., Giannattasio, R., Severino, 
R., Lombardi, G., Colao, A. & Pezzullo, L. (2010). A decrease of calcitonin serum 
concentrations less than 50 percent 30 minutes after thyroid surgery suggests 
incomplete C-cell tumor tissue removal. Journal of Clinical Endocrinology and 
Metabolism, Vol.95(No.9):E32-6 

Faggiano, A., Talbot, M., Baudin, E., Bidart, J.M., Schlumberger, M. & Caillou, B. (2003). 
Differential expression of galectin 3 in solid cell nests and C cells of human thyroid. 
Journal of Clinical Pathology,  Vol.56(No.2):142-143. 

Faggiano, A., Talbot, M., Lacroix, L., Bidart, J.M., Baudin, E., Schlumberger, M. & Caillou, B. 
(2002). Differential expression of galectin-3 in medullary thyroid carcinoma and C-
cell hyperplasia. Clinical Endocrinology, Vol.57(No.6):813-819 

Hazard, J.B. (1977) The C cells (parafollicular cells) of the thyroid gland and medullary 
thyroid carcinoma. A Review, American Journal of pathology, Vol.88 (No.1) :213-250 

Kapiteijn, E., Schneider, T.C., Morreau, H., Gelderblom, H., Nortier, J.W., Smit, J.W. (2011) 
New treatment modalities in advanced thyroid cancer. Annals of Oncology, Apr 6. 
[Epub ahead of print] 

Leboeuf, R., Langlois, M.F., Martin, M., Ahnadi, C.E. & Fink, G.D. (2006). "Hook effect" in 
calcitonin immunoradiometric assay in patients with metastatic medullary thyroid 



  
Contemporary Aspects of Endocrinology 

 

248 

For advanced MTC, conventional oncological therapies (radiotherapy and systemic 
chemotherapy) have scarce effectiveness. For patients with MTC unresponsive to 
conventional treatments, novel therapies are needed to improve disease outcomes. As a 
result of the increasing knowledge on the biological basis of MTC, therapeutic agents that 
target specific molecular pathways have been developed (Kapiteijn et al., 2011). Multiple 
novel therapies primarily targeting angiogenesis have entered clinical trials for metastatic 
thyroid carcinoma (including MTC). Partial response rates up to 30% have been reported, 
but prolonged disease stabilization is more commonly observed. The most successful agents 
are those targeting the vascular endothelial growth factor receptors (VEGFRs) (Sherman, 
2011).  Monotarget kinase inhibitors and multikinase inhibitors could represent the best 
therapeutic option to manage patients with advanced MTC (Kapiteijn et al., 2011). 

2. Conclusions 
Medullary thyroid carcinoma is a secretive neuroendocrine tumor originating from thyroid 
C-cells. This tumor is, after the anaplastic carcinoma, the most aggressive thyroid 
malignancy with high morbidity and mortality. The prognosis of MTC strongly depends on 
early diagnosis and the completeness of the first surgical treatment. In case of lymph node 
involvement at the time of the diagnosis, the outcome is poorer because of a very high rate 
of disease persistence or relapse after surgery.  
Treatment for patients with metastatic or advanced MTC has to taken in account novel 
agents targeting specific molecular pathways and resulting in arrest of tumor growth. 
Future efforts should be directed to develop diagnostic and therapeutic algorithms to obtain 
as early as possible the identification of tumor onset and to differentiate MTC from CCH, 
ensuring high rates of cure and long-time disease free survival. Further studies are required 
to improve knowledge of CCH and MTC, to detect new hereditary MTC-causing mutations 
and develop new diagnostic procedures and therapeutic strategies. 
Finally, to optimize the management of patients with MTC, a multidisciplinary team of all 
the different specialists involved in MTC diagnosis and therapy is highly recommended. 

3. Acknowledgments  
This work was partially supported by a grant from the Italian Minister of Research and 
University in Rome (no. 2008LFK7J5).  

4. References 
Albores-Saavedra, J.A. & Krueger, J.E. (2001). C-cell hyperplasia and medullary thyroid 

microcarcinoma. Endocrine Pathology, Vol.12(No.4):365-377. 
American Thyroid Association Guidelines Task Force, Kloos, R.T., Eng, C., Evans, D.B., 

Francis, G.L., Gagel, R.F., Gharib, H., Moley, J.F., Pacini, F., Ringel, M.D., 
Schlumberger, M. & Wells, S.A. Jr. (2009). Medullary thyroid cancer: management 
guidelines of the American Thyroid Association. Thyroid, Vol.19(No.6):565-612.  

Boi, F., Maurelli, I., Pinna, G., Atzeni, F., Piga, M., Lai, M.L. & Mariotti, S. (2007). Calcitonin 
measurement in wash-out fluid from fine needle aspiration of neck masses in 
patients with primary and metastatic medullary thyroid carcinoma, Journal of 
Clinical Endocrinology and Metabolism, Vol. 92(No.6):2115-2118 

 
Diagnosis and Differential Diagnosis of Medullary Thyroid Cancer   

 

249 

Brandi, M.L., Gagel, R.F., Angeli, A., Bilezikian, J.P., Beck-Peccoz, P., Bordi, C., Conte-
Devolx, B., Falchetti, A., Gheri, R.G., Libroia, A., Lips, C.J., Lombardi, G., Mannelli, 
M., Pacini, F., Ponder, B.A., Raue, F., Skogseid, B., Tamburrano, G., Thakker, R.V., 
Thompson, N.W., Tomassetti, P., Tonelli, F., Wells, S.A. Jr & Marx, S.J. (2001). 
Guidelines for diagnosis and therapy of MEN type 1 and type 2. Journal of Clinical 
Endocrinology and Metabolism, Vol.86(No.12):5658-5671 

Costante, G., Meringolo, D., Durante, C., Bianchi, D., Nocera, M., Tumino, S., Crocetti, U., 
Attard, M., Maranghi, M., Torlontano, M. & Filetti, S. (2007). Predictive value of 
serum calcitonin levels for preoperative diagnosis of medullary thyroid carcinoma 
in a  cohort of 5817 consecutive patients with thyroid nodules. Journal of Clinical 
Endocrinology and Metabolism, Vol.92(No.2):450-455 

Czepczyński, R., Parisella, M.G., Kosowicz, J., Mikołajczak, R., Ziemnicka, K., Gryczyńska, 
M., Sowiński, J. & Signore, A. (2007). Somatostatin receptor scintigraphy using 
99mTc-EDDA/HYNIC-TOC in patients with medullary thyroid carcinoma. 
European Journal of Nuclear Medicine and Molecular Imaging, Vol.34(No.10):1635-1645 

Dralle, H. & Machens, A. (2008).Surgical approaches in thyroid cancer and lymph-node 
metastases. Best Practice and Research. Clinical Endocrinology and Metabolism, 
Vol.22(No.6):971-987 

Elisei, R., Bottici, V., Luchetti, F., Di Coscio, G., Romei, C., Grasso, L., Miccoli, P., Iacconi, P., 
Basolo, F., Pinchera, A. & Pacini, F. (2004). Impact of routine measurement of serum 
calcitonin on the diagnosis and outcome of medullary thyroid cancer: experience in 
10,864 patients with nodular thyroid disorders. Journal of Clinical Endocrinology and 
Metabolism, Vol.89(No.1):163-168 

Faggiano, A., Grimaldi, F., Pezzullo, L., Chiofalo, M.G., Caracò, C., Mozzillo, N., Angeletti, 
G., Santeusanio, F., Lombardi, G., Colao, A., Avenia, N. & Ferolla, P. (2009). 
Secretive and proliferative tumor profile helps to select the best imaging technique 
to identify postoperative persistent or relapsing medullary thyroid cancer. 
Endocrine-Related Cancer, Vol.16(No.1):225-231 

Faggiano, A., Milone, F., Ramundo, V., Chiofalo, M.G., Ventre, I., Giannattasio, R., Severino, 
R., Lombardi, G., Colao, A. & Pezzullo, L. (2010). A decrease of calcitonin serum 
concentrations less than 50 percent 30 minutes after thyroid surgery suggests 
incomplete C-cell tumor tissue removal. Journal of Clinical Endocrinology and 
Metabolism, Vol.95(No.9):E32-6 

Faggiano, A., Talbot, M., Baudin, E., Bidart, J.M., Schlumberger, M. & Caillou, B. (2003). 
Differential expression of galectin 3 in solid cell nests and C cells of human thyroid. 
Journal of Clinical Pathology,  Vol.56(No.2):142-143. 

Faggiano, A., Talbot, M., Lacroix, L., Bidart, J.M., Baudin, E., Schlumberger, M. & Caillou, B. 
(2002). Differential expression of galectin-3 in medullary thyroid carcinoma and C-
cell hyperplasia. Clinical Endocrinology, Vol.57(No.6):813-819 

Hazard, J.B. (1977) The C cells (parafollicular cells) of the thyroid gland and medullary 
thyroid carcinoma. A Review, American Journal of pathology, Vol.88 (No.1) :213-250 

Kapiteijn, E., Schneider, T.C., Morreau, H., Gelderblom, H., Nortier, J.W., Smit, J.W. (2011) 
New treatment modalities in advanced thyroid cancer. Annals of Oncology, Apr 6. 
[Epub ahead of print] 

Leboeuf, R., Langlois, M.F., Martin, M., Ahnadi, C.E. & Fink, G.D. (2006). "Hook effect" in 
calcitonin immunoradiometric assay in patients with metastatic medullary thyroid 



  
Contemporary Aspects of Endocrinology 

 

250 

carcinoma: case report and review of the literature. Journal of Clinical Endocrinology 
and Metabolism, Vol.91(No.2):361-364 

Leboulleux, S., Baudin, E., Travagli, J.P. & Schlumberger, M. (2004). Medullary thyroid 
carcinoma. Clinical Endocrinology, Vol.61(No.3):299-310 

Meijer, J.A., le Cessie, S., van den Hout, W.B., Kievit, J., Schoones, J.W., Romijn, J.A. & Smit, 
J.W. (2010). Calcitonin and carcinoembryonic antigen doubling times as prognostic 
factors in medullary thyroid carcinoma: a structured meta-analysis. Clinical 
Endocrinology, Vol.72(No.4):534-542. 

Milone, F., Ramundo, V., Chiofalo, M.G., Severino, R., Paciolla, I., Pezzullo, L., Lombardi, 
G., Colao, A. & Faggiano, A.. (2010). Predictive value of pentagastrin test for 
preoperative differential diagnosis between C-cell hyperplasia and medullary 
thyroid carcinoma in patients with moderately elevated basal calcitonin levels. 
Clinical Endocrinology, Vol.73(No.1):85-88 

Mulligan, L.M., Marsh, D.J., Robinson, B.G., Schuffenecker, I., Zedenius, J., Lips, C.J., Gagel, 
R.F., Takai, S.I., Noll, W.W., Fink, M., et al. (1995). Genotype-phenotype correlation 
in multiple endocrine neoplasia type 2: report of the International RET Mutation 
Consortium. Journal of Internal Medicine, Vol.238(No.4):343-346 

Pacini, F., Castagna, M.G., Cipri, C. & Schlumberger, M. (2010). Medullary thyroid 
carcinoma. Clinical Oncology, Vol.22(No.6):475-485 

Pacini, F., Fontanelli, M., Fugazzola, L., Elisei, R., Romei, C., Di Coscio, G., Miccoli, P. & 
Pinchera, A. (1994). Routine measurement of serum calcitonin in nodular thyroid 
diseases allows the preoperative diagnosis of unsuspected sporadic medullary 
thyroid carcinoma. Journal of Clinical Endocrinology and Metabolism, 
Vol.78(No.4):826-829 

Perry, A., Molberg, K. & Albores-Saavedra, J. (1996). Physiologic versus neoplastic C-cell 
hyperplasia of the thyroid: separation of distinct histologic and biologic entities. 
Cancer, Vol.77(No.4):750-756 

Raue, F. & Frank-Raue, K. (2007). Multiple endocrine neoplasia type 2: 2007 update. 
Hormone Research, Vol.68(Suppl.5):101-114 

Santesanio, G., Iafrate, E., Partenzi, A., Mauriello, A., Autelitano, F. & Spagnoli, L.G. (1997) A 
critical reassessment of the concepì of C-cell hyperplasia of the thyroid: a quantitative 
immunohistochemical study. Applied Immunohistochemistry, Vol.5:160-172 

Scollo, C., Baudin, E., Travagli, J.P., Caillou, B., Bellon, N., Leboulleux, S. & Schlumberger, 
M. (2003). Rationale for central and bilateral lymph node dissection in sporadic and 
hereditary medullary thyroid cancer. Journal of Clinical Endocrinology and 
Metabolism, Vol.88(No.5):2070-2075.  

Schlumberger, M.D., Sebastiano Filetti, S., & Hay I.D. (2003) Nontoxic Goiter and Thyroid 
Neoplasia, In: Williams Textbook of Endocrinology, Elsevier Science (USA) 

Sherman, S.I. (2011) Targeted therapies for thyroid tumors. Modern Pathology, Vol.24 (Suppl 
2):44-52 

Toledo, S.P., Lourenço, D.M. Jr, Santos, M.A., Tavares, M.R., Toledo, R.A. & Correia-Deur, 
J.E.  (2009). Hypercalcitoninemia is not pathognomonic of medullary thyroid 
carcinoma. Clinics, Vol.64(No.7):699-706. 

van Veelen, W., de Groot, J.W., Acton, D.S., Hofstra, R.M., Höppener, J.W., Links, T.P. & 
Lips, C.J. (2009). Medullary thyroid carcinoma and biomarkers: past, present and 
future. Journal of Internal Medicine, Vol.266(No.1):126-140 

10 

Molecular Diagnostics in Treatment  
of Medullary Thyroid Carcinoma 

Brigitte M. Pützer, Alf Spitschak and David Engelmann 
University of Rostock, Department of Vectorology and Experimental Gene Therapy 

Germany  

1. Introduction 
Medullary thyroid carcinoma (MTC) is accounting for 5 - 8% of all thyroid cancers and 
arises from calcitonin producing parafollicular C cells of the thyroid gland. Mainly MTC is 
sporadic in nature, but in 20 - 30% of cases it is present in an autosomal dominant inherited 
pattern with defined phenotype referred as multiple endocrine neoplasia type 2 (MEN 2) 
and familial medullary thyroid carcinoma (FMTC). The identification of missense germline 
mutations in the RET proto-oncogene between 1993 and 1998 as the cause of MEN 2 and 
FMTC ushered in the molecular age. Specific mutations in the RET gene encoding a 
transmembrane tyrosine kinase result in "gain-of-function" of the receptor with definite 
changes in downstream signal transduction pathways. Intriguingly, examination of the 
mutated codons led to the growing recognition of a striking genotype–phenotype 
correlation between the transforming activity inherent in these mutations and disease onset 
and aggressiveness, implicating that manifestation and clinical progression is conditioned 
by the type of mutation. Detection of the mutant alleles in kindred members predicts disease 
inheritance and provides the basis for prophylactic thyroidectomy in children. This seminal 
discovery, enabling predictive testing, paved the way for an evidence-based practice of 
clinical cancer genetics. In case of novel RET mutations it is exceedingly important to clarify 
whether it represents a harmless polymorphism or a causative pathogenic mutation. For this 
purpose, we established a molecular diagnosis program that, in conjunction with clinical 
data, allows individualized risk stratification for patients.  

2. RET proto-oncogene and MTC 
2.1 RET proto-oncogene – Genotype to phenotype 
Transfection studies using DNA from human T cell lymphoma led to the isolation of a 
transforming gene called RET (REarranged during Transfection) that consists of two linked 
sequences caused by cointegration during transfection (Takahashi et al., 1985). The resulting 
chimeric gene encodes a fusion protein comprising an N-terminal region with a 
dimerization motif fused to a tyrosine kinase (TK) domain. Subsequently, the name RET has 
been retained to designate the gene coding for the tyrosine kinase domain of this fused 
oncogene. The human RET gene is localized on chromosome 10q11.2 (Donghi et al., 1989) 
and spans 21 exons. Homologues of RET have been identified in higher and lower 
vertebrates as well as in Drosophila melanogaster (Hahn and Bishop, 2001). The RET proto- 
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1. Introduction 
Medullary thyroid carcinoma (MTC) is accounting for 5 - 8% of all thyroid cancers and 
arises from calcitonin producing parafollicular C cells of the thyroid gland. Mainly MTC is 
sporadic in nature, but in 20 - 30% of cases it is present in an autosomal dominant inherited 
pattern with defined phenotype referred as multiple endocrine neoplasia type 2 (MEN 2) 
and familial medullary thyroid carcinoma (FMTC). The identification of missense germline 
mutations in the RET proto-oncogene between 1993 and 1998 as the cause of MEN 2 and 
FMTC ushered in the molecular age. Specific mutations in the RET gene encoding a 
transmembrane tyrosine kinase result in "gain-of-function" of the receptor with definite 
changes in downstream signal transduction pathways. Intriguingly, examination of the 
mutated codons led to the growing recognition of a striking genotype–phenotype 
correlation between the transforming activity inherent in these mutations and disease onset 
and aggressiveness, implicating that manifestation and clinical progression is conditioned 
by the type of mutation. Detection of the mutant alleles in kindred members predicts disease 
inheritance and provides the basis for prophylactic thyroidectomy in children. This seminal 
discovery, enabling predictive testing, paved the way for an evidence-based practice of 
clinical cancer genetics. In case of novel RET mutations it is exceedingly important to clarify 
whether it represents a harmless polymorphism or a causative pathogenic mutation. For this 
purpose, we established a molecular diagnosis program that, in conjunction with clinical 
data, allows individualized risk stratification for patients.  

2. RET proto-oncogene and MTC 
2.1 RET proto-oncogene – Genotype to phenotype 
Transfection studies using DNA from human T cell lymphoma led to the isolation of a 
transforming gene called RET (REarranged during Transfection) that consists of two linked 
sequences caused by cointegration during transfection (Takahashi et al., 1985). The resulting 
chimeric gene encodes a fusion protein comprising an N-terminal region with a 
dimerization motif fused to a tyrosine kinase (TK) domain. Subsequently, the name RET has 
been retained to designate the gene coding for the tyrosine kinase domain of this fused 
oncogene. The human RET gene is localized on chromosome 10q11.2 (Donghi et al., 1989) 
and spans 21 exons. Homologues of RET have been identified in higher and lower 
vertebrates as well as in Drosophila melanogaster (Hahn and Bishop, 2001). The RET proto- 
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oncogene encodes a transmembrane receptor of the tyrosine kinase family with three major 
isoforms that arise through alternative splicing of the 3´-terminus, leading to expression of 
proteins that differ by their last 51 (RET51), 43 (RET43) or nine (RET9) amino acids, 
respectively (Manie et al., 2001). It is expressed primarily in neural crest and urogenital 
precursor cells, and is implicated in developmental processes, such as maturation of 
peripheral nervous system lineages, kidney morphogenesis or spermatogonia differentiation 
(Durbec et al., 1996; Meng et al., 2000; Schuchardt et al., 1994). Among them, RET9 and 
RET51 are the major isoforms consisting of 1072 and 1114 amino acids, respectively. The 
signaling complex associated with RET9 markedly differs from RET51-associated factors, 
which might have an influence on the higher transforming potential of the RET51 isoform 
(Le Hir et al., 2000; Tsui-Pierchala et al., 2002). The RET protein is composed of three 
functional domains: The intracellular tyrosine kinase domain, a transmembrane region and 
a stretch of four extracellular cadherin-like domains that are implicated in ligand binding. 
The extracellular domain consists of four cadherin-like regions and a cysteine-rich tract, 
which facilitates receptor dimerization upon ligand stimulation (Iwamoto et al., 1993; 
Takahashi et al., 1998). This region also contains several glycosylation sites (Takahashi et al., 
1991). The fully glycosylated form (170-175 kDa) of RET is found in the plasma membrane, 
while the 150-155 kDa species is believed to be an immature, partially processed form found 
only in the endoplasmic reticulum (ER). RET serves as a functional receptor for 
neurotrophic factors of the glial cell-line derived neurotrophic factor (GDNF) family: GDNF, 
neurturin, artemin and persephin (Ichihara et al., 2004; Takahashi, 2001). Binding to and 
activation of RET occurs via glycosylphosphatidylinositol-anchored as well as soluble co-
receptors that are designated as GDNF-family receptors (GFRs) α1-4 (Airaksinen and 
Saarma, 2002; Manie et al., 2001) (Fig. 1 A). Ligand stimulation leads to activation of the RET 
receptor by dimerization and subsequent autophosphorylation of intracellular tyrosine 
residues. These, in turn, serve as docking sites for a number of interacting molecules 
activating downstream signal transduction pathways (Chiariello et al., 1998; Hayashi et al., 
2001; Murakami et al., 1999). Although tyrosine residues 905, 981, 1015, 1062 and 1096 are all 
phopshorylated upon ligand binding, it is the phosphorylation of tyr1062 that plays a 
crucial role in RET signaling as it acts as a multifunctional docking site for many adaptor or 
effector proteins (Jijiwa et al., 2004).  
Autosomal dominant gain of function mutations in the RET proto-oncogene have been 
identified as the key cause for the development of the multiple endocrine neoplasia type 2 
(MEN 2) syndrome, which can be further divided into three distinct clinical 
manifestations MEN 2A, MEN 2B, and familial medullary thyroid carcinoma (FMTC) 
(Bocciardi et al., 1997; Carlomagno et al., 1997; Hofstra et al., 1994; Mulligan et al., 1993; 
Santoro et al., 1995). In addition, 30-70% of sporadic medullary thyroid carcinomas harbor 
a mutation in the RET gene. Mutations render the RET receptor constitutively active and 
display striking genotype-phenotype correlations. Patients with MEN 2A always develop 
medullary thyroid carcinoma (MTC), but also pheochromocytoma (50%) and parathyroid 
hyperplasia or adenoma (20-30%). MEN 2B, in contrast, is the most aggressive subtype 
and is characterized by the same features as MEN 2A, but with earlier onset and 
developmental abnormalities such as mucosal neuromas, intestinal ganglioneuromas, 
ocular and skeletal abnormalities (marfanoid habitus). The most indolent subtype FMTC 
is characterized by the incidence of MTC-only (Brandi et al., 2001). Mutations identified in 
more than 98% of MEN 2A patients affect one of six cysteine residues in the cysteine-rich 
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region at codons 609, 611, 618, 620 (exon 10), 630 or 634 (exon 11) and cause ligand-
independent homodimerization through covalent intermolecular disulphide bonds, 
resulting in subsequent constitutive activation of the RET kinase which, in turn, leads to 
permanent downstream signaling (Santoro et al., 1995) (Fig. 1 C). Approximately 87% of 
MEN 2A mutations affect codon 634 (Eng et al., 1996; Hansford and Mulligan, 2000). In 
contrast, mutations found in MEN 2B patients affect residues in the tyrosine kinase 
domain and activate the RET receptor in its monomeric state, thereby changing the 
substrate specificity towards other cellular substrates and downstream signaling 
pathways (Borrello et al., 1995; Murakami et al., 1999; Santoro et al., 1999) (Fig. 1 B).  
 

 
Fig. 1. Schematic mechanisms of RET tyrosine kinase activation in healthy status versus 
MEN 2B and MEN 2A. A) Normal RET activation by glial cell line-derived neurotrophic 
factor (GDNF). GDNF binds to GFRα and leads to RET dimerization and 
autophosphorylation. B) Constitutive RET activation by MEN 2B mutations. C) Ligand 
independent RET activation by MEN 2A mutations. CAD Cadherin like domain; Cys 
Cysteine-rich domain; TMD Transmembrane domain; TK Tyrosine kinase domain  

Moreover, increased autophosphorylation of tyrosine 1062 has been described (Bocciardi et 
al., 1997; Salvatore et al., 2001; Santoro et al., 1995). MEN 2B is primarily associated with a 
single missense mutation of codon 918 (M918T), which is detectable in more than 90% of 
MEN 2B patients (Carlson et al., 1994; Eng et al., 1996; Hofstra et al., 1994; Mulligan et al., 
1993). A smaller number of MEN 2B cases contain mutations at codon 883 (A883F) (Gimm et 
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al., 1997; Smith et al., 1997). Mutations identified in FMTC patients (for example at codons 
790, 791 or 844) are found in the cysteine-rich region as well as in the tyrosine kinase 
domain, and lead to low level activation of the RET kinase corresponding to the indolent 
penetrance phenotype of FMTC (Arighi et al., 2005; Manie et al., 2001). An overview about 
mutated codons at specific sites of the RET oncogene and the correlating clinical phenotype 
is mapped in Fig. 2. 
 

 
Fig. 2. Domain structure of the RET proto-oncogene: CAD Cadherin like domain; Cys 
Cysteine-rich domain; TMD Transmembrane domain; TK Tyrosine kinase domain. Arrows 
point to the affected protein domains and specify the mutated codons and the correlating 
clinical phenotype. 

2.2 Medullary thyroid carcinoma – Standard diagnosis and treatment 
In most cases, the prognosis for MTC patients is good after early diagnosis and intervention. 
Since 1994, genetic screening using DNA from peripheral blood has been available for MEN 
2. This method allows diagnosis prior to the onset of symptoms. Moreover, the MEN 2-
associated mutations, involving RET exons 8, 10, 11, 13, 14, 15 and 16 are tested routinely. 
Currently, early genetic screening for RET mutations is considered the standard of care for 
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MEN 2 (Eng, 1999). Preoperative measurement of serum calcitonin is another highly 
sensitive method to establish the diagnosis of MTC. However, since germline RET 
mutations have been identified as a cause of MEN 2, the use of additional measurement of 
calcitonin is questionable. Though calcitonin levels can be helpful in determining the extent 
of disease and the extent of surgery required (Gimm, 2001).  
At present treatment of MTC is restricted to surgical removal of neoplastic tissue, and cure 
is only achieved when the disease is restricted to the thyroid gland. The general 
recommendation to perform total thyroidectomy seems to be justified since MTC is often 
multifocal and not susceptible to radioiodine ablation. Overall, RET mutations are classified 
into three groups based on the level of risk (or aggressiveness) for MTC (Sippel et al., 2008). 
Level 3 mutations (codon 883, 918, and 922) have the most aggressive course, with 
metastatic disease presenting in the first years of life. Because of the high risk for 
malignancy at an early age, thyroidectomy is recommended within the first 6 months of life 
and preferably within the first month of life (Brandi et al., 2001). Level 2 RET mutations 
(codon 611, 618, 620, and 634 mutations) are considered high risk for MTC and the current 
recommendation is that these patients undergo thyroidectomy before the age of 5 years. 
Mutations at codon 609, 768, 790, 791, 804 and 891 are classified as level 1. Patients carrying 
these mutations are still considered high risk for MTC but with the lowest risk of the RET 
mutations. MTC in these patients tends to develop later in life and takes on a more indolent 
course. Because clinically apparent disease is rarely reported prior to 10 years of age, many 
recommend waiting until then to perform a thyroidectomy. Based on more detailed research 
and knowledge the stratification system for RET germline mutations was recently 
reclassified by the Amercian Thyroid Association (ATA) into categories of increasing risk: 
class A (codons 768, 790, 791, 804, 891), class B (codons 609, 611, 618, 620, 630), C (codon 
634), and D (codon 883, 918), with level A representing lowest risk (FMTC) and level D 
representing the highest risk (MEN 2B) class (Kloos et al., 2009).  
Patients with unresectable or metastatic disease display a poor prognosis because radiation 
and chemotherapy have only a limited role (Cohen and Moley, 2003). Although MTC is less 
radiosensitive, radiotherapy is used as a palliative for symptomatic bone, central nervous 
system and mediastinal metastases. Some studies suggested a specific radiotherapy for MTC 
based on the selective uptake of [131I]MIBG and [111In]pentetreotide (Forssell-Aronsson et al., 
1995; Troncone et al., 1991) also concerning their role in diagnosis of neuroendocrine tumors 
and to some degree localisation of metastases (Kaltsas et al., 2001). Other nuclear 
approaches using radionuclide-labeled antibodies combined with pretargeting strategies to 
improve uptake of these antibodies have raised interest in targeted radiotherapy for MTC 
(Juweid et al., 1996; Juweid et al., 2000; Kraeber-Bodere et al., 1999; Mirallie et al., 2005).  
Since activated RET is proven to be causative for the development of MTC, molecular 
strategies to inhibit its activity or expression in cancer cells are highly promising. Targeting 
the enzymatic activity of tyrosine kinases by small molecule inhibitors like STI571 (Gleevec® 
or Imatinib), BAY 43-9006 (Sorafenib), allyl-geldanamycin, or arylidine 2-indolinone (RPI-1) 
selectively inhibit RET kinase activity and cell growth (Cohen et al., 2002; Lanzi et al., 2000). 
For example, oral daily RPI-1 treatment reduces the growth of human medullary thyroid 
carcinoma xenografts in mice by 81% (Cuccuru et al., 2004). Also, two indolocarbazole 
derivatives, CEP-701 and CEP-751, have been shown to effectively block RET 
phosphorylation at nanomolar levels and MTC cell growth (Strock et al., 2003), whereas the 
pyrazolo-pyrimidine PP1 inhibits tumorigenesis induced by RET/PTC oncogenes and 
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causes degradation of activated membrane-bound RET receptors through proteosomal 
targeting (Carlomagno et al., 2002b; Carniti et al., 2003; Strock et al., 2003). In addition, the 
pyrazolo-pyrimidine PP2, and the 4-anilinoquinazoline ZD6474 (Vandetanib) displayed a 
strong inhibitory activity towards constitutively active oncogenic RET kinases (Carlomagno 
et al., 2003; Carlomagno et al., 2002a). However most of the tyrosine kinase inhibitors are 
mulitkinase inhibitors and are also active against multiple signaling molecules (Santarpia et 
al., 2009). Moreover, some RET mutations (e.g. valine 804) cause resistance to these drugs 
(Carlomagno et al., 2004). Finally the efficacy in human patients has to be proven by 
treatment. Until now first clinical trials with several kinase inhibitors showed no beneficial 
or only moderate effects of the drugs (Table 1). Thus, development and evaluation of novel 
treatment strategies, including gene therapeutic approaches are further needed. 
 

Kinase inhibitor Clinical trial Reference 
Imatinib Phase II de Groot et al., 2007 
Sorafenib Phase II Lam et al., 2010 
Vandetanib Phase III Wells et al., 2010 
Sunitinib Phase II De Souza et al., 2010 
Motesanib Phase II Schlumberger et al., 2009 

Table 1. Summary of some tyrosine kinase inhibitors used in clinical trials 

Gene therapy is attractive for thyroid cancer treatment because of the possibility to selectively 
target therapeutic genes by application of tissue-specific promoters, such as the thyroglobulin 
or the calcitonin promoter. A range of therapeutic strategies were under investigation utilizing 
various genes: pro-drug activating genes (herpes simplex virus thymidine kinase /ganciclovir 
and purine nucleoside phosphorylase/fludarabine), the nitric oxide synthase II gene in a direct 
toxin therapy, gene for IL-12 in an immune stimulation strategy, and the expression of the 
sodium iodide symporter gene in radiotherapy application (Spitzweg and Morris, 2004). 
Moreover, molecular mimics (competition) directed toward specific mutations of RET by using 
the mutant EC-RET C634Y that is able to inhibit the membrane bound receptor RETC634Y 
through interfering with its dimerization (Cerchia et al., 2003).  
Another attractive approach is to block oncogenic signal transduction either by reducing 
RET expression or by interfering with receptor autophosphorylation using dominant-
negative RET protein. In this regard, adenovirus (Ad)-mediated expression of RET 
containing mutations in the N–terminal region of the extracellular domain such as HSCR32 
associated with Hirschsprung´s disease or FLAG has been shown to substantially inhibit 
receptor maturation, thereby preventing its transport to the membrane (Drosten et al., 2002; 
Drosten et al., 2003). These molecules proved to be highly active against MTC in cultures of 
human TT cells, which harbour the RETC634W mutation, and after inoculation of ex vivo 
infected tumor cells into nude mice. A second dominant-negative RET protein (RET∆TK), 
lacking the intracellular tyrosine kinase domain, showed the ability to block oncogenic 
activated RET autophosphorylation by forming an inactive dimer with the mutated RET 
receptor. Transduction of TT cells with RET∆TK resulted in decreased cell-cycle progression, 
but also, more importantly induction of cell death by apoptosis. Activity of RET∆TK against 
MTC was also demonstrated in RET transgenic mice, which develop orthotopic tumors in 
the thyroid. Injection of an Ad vector expressing dominant-negative RET protein into MTC 
of the thyroid glands significantly decreased the tumor size after two weeks (Drosten et al., 
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2004). To enhance tumor specificity of anti-RET Ad vectors in order to target systemically 
spreaded medullary thyroid carcinoma cells, we have recently identified a number of MTC-
specific peptides that can be used to efficiently redirect the therapeutic gene to primary 
MTC, their migrating populations, and potentially tumor metastases under in vivo 
conditions (Böckmann et al., 2005a; Böckmann et al., 2005b; Schmidt et al., 2011). 

3. Combining tools – RET molecular diagnostics  
RET gene analysis widely used to identify carriers at risk of developing medullary thyroid 
cancer, occasionally uncovers novel sequence variants of unknown clinical significance. For 
these newly identified or rare mutations in the RET gene, the causative role of the mutation 
and the genotype-phenotype relationship must be evaluated to define the mutation´s codon-
specific risk level. For this purpose, we have implemented a molecular diagnostic approach 
that allows us to classify RET mutations into one of the four clinical risk groups. Based on 
such molecular diagnosis recommendations for treatments of patients with hitherto 
undefined RET mutations are made. The program established allows direct translation of a 
genetic event into individualized clinical settings and is critical for treating physicians to 
decide whether a prophylactic thyroidectomy is necessary or not. Considering the potential 
risks after thyroidectomy e.g. reduced flexibility of the vocal cord and subsequent 
restrictions for the patient like hormone replacement therapy, molecular diagnostics in 
MTC-treatment have a direct impact on affected patients.  

3.1 From clinical RET mutation analysis to functional in vitro and in vivo 
characterization 
Clinical classification and DNA based screening 

Diagnosis of putative carriers of RET genes with novel mutations starts with clinical work 
up and subsequent RET mutation analysis. Therefore preoperatively basal and pentagastrin-
stimulated calcitonin levels, as a marker for MTC tumors, are determined by appropriate 
chemiluminescence assay. By utilizing histology analysis after total thyroidectomy tumor 
staging is performed according to the International Union Against Cancer tumor-node-
metastasis (TNM) classification from 1997. To detect mutations genomic DNA is isolated 
and five fragments covering the exons 8, 10, 11 and 13 to 16 of the RET proto-oncogene are 
amplified with exon specific PCR primers using high-fidelity PCR systems. The resulting 
fragments are sequenced to specify the point mutation.  
Construction and characterization of mutant RET expressing cell lines in vitro 

On the basis of the clinical findings the first goal is to determine whether a particular mutation 
is capable of converting RET into a dominantly transforming oncogene. At this point wet lab 
work starts to generate a RET51 mutant with defined specific mutation. pLPCX vectors are 
used to express the mutated RET gene. The pLPCX vector contains elements derived from 
Moloney murine leukemia virus (MoMuLV) and Moloney murine sarcoma virus (MoMuSV), 
and is mostly designed for retroviral gene delivery and expression. The cDNA fragment 
encoding the human tyrosine kinase RET51wt is ligated downstream from the CMV promoter 
of pLPCX retroviral vector (Fig. 3 A). pLPCX expression vectors containing the selected RET 
point mutation are generated by site directed mutagenesis using primers harboring the 
desired codon and pLPCX RET51wt plasmid as a template. All constructed plasmids are 
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causes degradation of activated membrane-bound RET receptors through proteosomal 
targeting (Carlomagno et al., 2002b; Carniti et al., 2003; Strock et al., 2003). In addition, the 
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strong inhibitory activity towards constitutively active oncogenic RET kinases (Carlomagno 
et al., 2003; Carlomagno et al., 2002a). However most of the tyrosine kinase inhibitors are 
mulitkinase inhibitors and are also active against multiple signaling molecules (Santarpia et 
al., 2009). Moreover, some RET mutations (e.g. valine 804) cause resistance to these drugs 
(Carlomagno et al., 2004). Finally the efficacy in human patients has to be proven by 
treatment. Until now first clinical trials with several kinase inhibitors showed no beneficial 
or only moderate effects of the drugs (Table 1). Thus, development and evaluation of novel 
treatment strategies, including gene therapeutic approaches are further needed. 
 

Kinase inhibitor Clinical trial Reference 
Imatinib Phase II de Groot et al., 2007 
Sorafenib Phase II Lam et al., 2010 
Vandetanib Phase III Wells et al., 2010 
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toxin therapy, gene for IL-12 in an immune stimulation strategy, and the expression of the 
sodium iodide symporter gene in radiotherapy application (Spitzweg and Morris, 2004). 
Moreover, molecular mimics (competition) directed toward specific mutations of RET by using 
the mutant EC-RET C634Y that is able to inhibit the membrane bound receptor RETC634Y 
through interfering with its dimerization (Cerchia et al., 2003).  
Another attractive approach is to block oncogenic signal transduction either by reducing 
RET expression or by interfering with receptor autophosphorylation using dominant-
negative RET protein. In this regard, adenovirus (Ad)-mediated expression of RET 
containing mutations in the N–terminal region of the extracellular domain such as HSCR32 
associated with Hirschsprung´s disease or FLAG has been shown to substantially inhibit 
receptor maturation, thereby preventing its transport to the membrane (Drosten et al., 2002; 
Drosten et al., 2003). These molecules proved to be highly active against MTC in cultures of 
human TT cells, which harbour the RETC634W mutation, and after inoculation of ex vivo 
infected tumor cells into nude mice. A second dominant-negative RET protein (RET∆TK), 
lacking the intracellular tyrosine kinase domain, showed the ability to block oncogenic 
activated RET autophosphorylation by forming an inactive dimer with the mutated RET 
receptor. Transduction of TT cells with RET∆TK resulted in decreased cell-cycle progression, 
but also, more importantly induction of cell death by apoptosis. Activity of RET∆TK against 
MTC was also demonstrated in RET transgenic mice, which develop orthotopic tumors in 
the thyroid. Injection of an Ad vector expressing dominant-negative RET protein into MTC 
of the thyroid glands significantly decreased the tumor size after two weeks (Drosten et al., 
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2004). To enhance tumor specificity of anti-RET Ad vectors in order to target systemically 
spreaded medullary thyroid carcinoma cells, we have recently identified a number of MTC-
specific peptides that can be used to efficiently redirect the therapeutic gene to primary 
MTC, their migrating populations, and potentially tumor metastases under in vivo 
conditions (Böckmann et al., 2005a; Böckmann et al., 2005b; Schmidt et al., 2011). 

3. Combining tools – RET molecular diagnostics  
RET gene analysis widely used to identify carriers at risk of developing medullary thyroid 
cancer, occasionally uncovers novel sequence variants of unknown clinical significance. For 
these newly identified or rare mutations in the RET gene, the causative role of the mutation 
and the genotype-phenotype relationship must be evaluated to define the mutation´s codon-
specific risk level. For this purpose, we have implemented a molecular diagnostic approach 
that allows us to classify RET mutations into one of the four clinical risk groups. Based on 
such molecular diagnosis recommendations for treatments of patients with hitherto 
undefined RET mutations are made. The program established allows direct translation of a 
genetic event into individualized clinical settings and is critical for treating physicians to 
decide whether a prophylactic thyroidectomy is necessary or not. Considering the potential 
risks after thyroidectomy e.g. reduced flexibility of the vocal cord and subsequent 
restrictions for the patient like hormone replacement therapy, molecular diagnostics in 
MTC-treatment have a direct impact on affected patients.  

3.1 From clinical RET mutation analysis to functional in vitro and in vivo 
characterization 
Clinical classification and DNA based screening 

Diagnosis of putative carriers of RET genes with novel mutations starts with clinical work 
up and subsequent RET mutation analysis. Therefore preoperatively basal and pentagastrin-
stimulated calcitonin levels, as a marker for MTC tumors, are determined by appropriate 
chemiluminescence assay. By utilizing histology analysis after total thyroidectomy tumor 
staging is performed according to the International Union Against Cancer tumor-node-
metastasis (TNM) classification from 1997. To detect mutations genomic DNA is isolated 
and five fragments covering the exons 8, 10, 11 and 13 to 16 of the RET proto-oncogene are 
amplified with exon specific PCR primers using high-fidelity PCR systems. The resulting 
fragments are sequenced to specify the point mutation.  
Construction and characterization of mutant RET expressing cell lines in vitro 

On the basis of the clinical findings the first goal is to determine whether a particular mutation 
is capable of converting RET into a dominantly transforming oncogene. At this point wet lab 
work starts to generate a RET51 mutant with defined specific mutation. pLPCX vectors are 
used to express the mutated RET gene. The pLPCX vector contains elements derived from 
Moloney murine leukemia virus (MoMuLV) and Moloney murine sarcoma virus (MoMuSV), 
and is mostly designed for retroviral gene delivery and expression. The cDNA fragment 
encoding the human tyrosine kinase RET51wt is ligated downstream from the CMV promoter 
of pLPCX retroviral vector (Fig. 3 A). pLPCX expression vectors containing the selected RET 
point mutation are generated by site directed mutagenesis using primers harboring the 
desired codon and pLPCX RET51wt plasmid as a template. All constructed plasmids are 
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routinely sequenced to confirm the presence of the desired mutations. NIH3T3 fibroblasts 
were chosen as in vitro model because they do not express endogenous RET protein and are 
generally accepted as a reliable transformation system to study oncogene function. In order to 
investigate the effects of mutated RET proteins on cellular transformation, NIH3T3 mouse 
fibroblasts are stably transfected with the pLPCX-RET expression vector. Single puromycine-
resistant clones are separated by limited dilution, cultivated and finally checked for RET 
protein expression (Fig. 3 B). After construction of the desired cell line a plethora of assays is 
applied to determine specific cellular parameters that help to evaluate aggressiveness of the 
investigated receptor mutant (Fig. 3 C). 
 

 
Fig. 3. Schematic workflow for generation and characterization of mutant RET-expressing 
NIH3T3 stable cell lines and in vitro assays. A) Site directed mutagenesis of RET51 wildtype 
containing retroviral plasmid to gain oncogenic RET point mutations. B) Transfection of 
NIH3T3 with mutant RET gene followed by clonal selection and subsequent control of RET 
protein levels of stably expressing NIH3T3-RET cell lines. C) Established in vitro assays 
from selected RET clones for evaluation of the transforming potential of single RET mutants. 
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1. Tyrosine kinase activity induced by mutated RET proteins: Protein extracts from 
NIH3T3 transfectants stably expressing mutated forms of RET are immunoprecipitated 
with an anti-RET antibody and subjected to a kinase assay. 

2. Analysis of growth properties by determining the proliferation rate through cell 
counting or cell viability assays. 

3. Apoptosis resistance: DNA-Damage induced cell death is activated by 
chemotherapeutics like doxorubicine or cisplatin. Subsequent killing of cells expressing 
oncogenic RET mutants is measured by flow cytometry. Here, propidium iodide 
staining is used to analyze cellular DNA content and look for sub-diploid or apoptotic 
cell population, respectively. 

4. Anchorage-independent growth as one of the most important oncogenic properties of 
cancer cells is determined by soft agar assays. Therefore, stable NIH3T3 transfectants 
are seeded in semisolid medium and cultured over a period of 30 days. Formed cell 
colonies are stained and counted under the microscope. 

5. Migration and invasiveness are major characteristics describing the aggressiveness and 
metastatic behavior of cancer cells. NIH3T3 fibroblasts expressing distinct mutant RET 
proteins are tested for their motility by matrigel invasion assays in Boyden chambers. 
Boyden chamber inserts contain membranes that are permeabilized by small pores 
coated with Matrigel™-Basement-Matrix. Hereon cells are seeded in serum-free 
medium. Medium containing a high concentration of fetal calf serum is added as 
chemoattractant in the lower chamber. Staining of cells enables examination of 
migrated cells under a fluorescence microscope. 

In all experiments established, already characterized NIH3T3 transfectants harboring well 
known point mutations in the RET gene like Y791F (FMTC), C634R (MEN 2A) and M918T 
(MEN 2B) with a defined genotype to phenotype correlation (Mise et al., 2006) are carried along 
as standard to classify new point mutations of as yet unknown oncogenic potential. In addition, 
short-term cultured parental NIH3T3 cells are employed as untransformed negative control. 

Establishing tumor allografts in nude mice through injection of NIH3T3-RET cell lines 

To investigate the transforming potential and aggressiveness of a particular RET mutant in 
vivo, experimental research in animal models is needed (Fig. 4). As in vivo transformation 
model, athymic nude mice are used. NIH3T3 stable transfectants are subcutaneously injected 
into the hind flank of 6 to 8 weeks old mice. Parental NIH3T3 cells are used as negative 
control. After injection tumor formation is monitored over time. To estimate the growth rate, 
tumor dimensions are measured with calipers every 2 days. Tumor volumes are calculated by 
the rotational ellipsoid formula: V=AxB2/2 (A-axial diameter; B-rotational diameter). Finally, 
after sacrificing the animals, tumors are removed, weighted, embedded in paraffin and 
submitted to immunohistochemistry. In detail, tumor sections carrying RET mutations are cut, 
dewaxed, rehydrated and probed with antibody against Ki-67 nuclear antigen, which 
recognizes actively proliferating cells. The percentage of proliferating cells can be determined 
by counting Ki-67 positive cells under a bright-field microscope. At the same time tumors can 
also be subjected to gene expression analysis. Therefore, tumor tissues are snap frozen in 
liquid nitrogen and stored at -80°C. RNA and protein extracts from samples are isolated by 
grinding 1 g of frozen tissue into a fine powder using a cold mortar and pestle by standard 
procedures for subsequent western blot and/or qPCR analysis. 
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with an anti-RET antibody and subjected to a kinase assay. 

2. Analysis of growth properties by determining the proliferation rate through cell 
counting or cell viability assays. 

3. Apoptosis resistance: DNA-Damage induced cell death is activated by 
chemotherapeutics like doxorubicine or cisplatin. Subsequent killing of cells expressing 
oncogenic RET mutants is measured by flow cytometry. Here, propidium iodide 
staining is used to analyze cellular DNA content and look for sub-diploid or apoptotic 
cell population, respectively. 

4. Anchorage-independent growth as one of the most important oncogenic properties of 
cancer cells is determined by soft agar assays. Therefore, stable NIH3T3 transfectants 
are seeded in semisolid medium and cultured over a period of 30 days. Formed cell 
colonies are stained and counted under the microscope. 

5. Migration and invasiveness are major characteristics describing the aggressiveness and 
metastatic behavior of cancer cells. NIH3T3 fibroblasts expressing distinct mutant RET 
proteins are tested for their motility by matrigel invasion assays in Boyden chambers. 
Boyden chamber inserts contain membranes that are permeabilized by small pores 
coated with Matrigel™-Basement-Matrix. Hereon cells are seeded in serum-free 
medium. Medium containing a high concentration of fetal calf serum is added as 
chemoattractant in the lower chamber. Staining of cells enables examination of 
migrated cells under a fluorescence microscope. 

In all experiments established, already characterized NIH3T3 transfectants harboring well 
known point mutations in the RET gene like Y791F (FMTC), C634R (MEN 2A) and M918T 
(MEN 2B) with a defined genotype to phenotype correlation (Mise et al., 2006) are carried along 
as standard to classify new point mutations of as yet unknown oncogenic potential. In addition, 
short-term cultured parental NIH3T3 cells are employed as untransformed negative control. 

Establishing tumor allografts in nude mice through injection of NIH3T3-RET cell lines 

To investigate the transforming potential and aggressiveness of a particular RET mutant in 
vivo, experimental research in animal models is needed (Fig. 4). As in vivo transformation 
model, athymic nude mice are used. NIH3T3 stable transfectants are subcutaneously injected 
into the hind flank of 6 to 8 weeks old mice. Parental NIH3T3 cells are used as negative 
control. After injection tumor formation is monitored over time. To estimate the growth rate, 
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recognizes actively proliferating cells. The percentage of proliferating cells can be determined 
by counting Ki-67 positive cells under a bright-field microscope. At the same time tumors can 
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Fig. 4. Induction of RET tumor formation by subcutaneous injection of stable NIH3T3 
transfectants. Measurement of tumor volume and immunohistochemical examination of 
cancer cell proliferation allows estimation of tumor aggressiveness. 
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3.2 Fingerprinting of RET-derived tumors by microarray analysis 
Our main concern is to find genotype-associated molecular signatures that could predict the 
onset and aggressiveness of MEN 2-RET-related MTCs with a defined point mutation. 
Therefore, we generated transcriptomic profiles of RET-derived tumors differing in their 
clinical appearance (FMTC, level 1; MEN 2A, level 2; MEN 2B, level 3). This genetic 
fingerprint library is compared with the expression profile of a tumor with an unclassified 
RET-mutation. Consequently a hitherto clinically undefined mutation is classified into the 
three risk levels. 
Identification of the differential gene expression pattern for a specific RET point mutation 
First, a GeneChip expression analysis is performed for the investigated RET-derived tumor  
(Fig. 5). Total RNA from frozen tumor tissue is used to prepare biotinylated cRNA targets, 
which are hybridized to Affymetrix Mouse 430 2.0 GeneChips. Hybridization and washing 
of gene chips is routinely performed on an Affymetrix GeneChip Hybridization Oven and 
Fluidics Station. Afterwards microarrays are analyzed by laser scanning (Affymetrix Gene-
Chip Scanner). Background-corrected signal intensities are determined and processed using 
MAS5 function of the R/Bioconductor affy package (www.r-project.org/ 
www.bioconductor.org). All calculations including normalization of microarray data, 
statistical tests, clustering, and further filtering methods are accomplished by up to date 
gene expression analysis software (e.g. GeneSpring GX 9.0 Agilent Technologies). Genes 
whose transcripts are not detected in any of the investigated mutations are excluded from 
statistical analysis to reduce the number of false positive genes. To determine differentially 
expressed genes, expression data are statistically analyzed using t-test and multiple testing 
correction (Benjamini and Hochberg False Discovery Rate). Cut-offs are set empirically to 
three fold and P ≤ 0.01.  
Analyzing and classifying the array data 

The methods described above generate a gene list and expression profile that is unique for a 
certain point mutation. The obtained expression profile is normalized and clustered together 
with our pre-existing RET tumor transcriptomic database. This allows us to estimate the 
potential outcome of a RET point mutation on the genetic level. Information about biological 
processes and signaling pathways that participate in RET-induced cellular transformation 
are from outstanding importance, because this could reveal attractive therapeutic targets 
such as small molecules inhibitors. To extract therapy relevant information, functional 
annotation clustering is applied by using the Database for Annotation, Visualization and 
Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov/). This online database 
provides a comprehensive set of functional annotation tools to understand biological 
meaning behind large list of genes. In detail, functional annotation clustering condenses an 
input gene list into smaller, much more organized biological annotation modules in a term-
centric manner. It allows investigators to focus on the annotation group level by quickly 
organizing many redundant/similar/hierarchical terms within the group. Annotation 
clusters, such as immune response, transcriptional regulation, chemokine activity, cytokine 
activity, kinase activity, signaling transduction, cell death and so on, could be found on the 
top of the output as expected for this study. With these results one can quickly focus on the 
major biology at an annotation cluster level. The enrichment score is to rank the overall 
importance (enrichment) of annotation term groups. It is the geometric mean of all the 
enrichment P-values of each annotation term in the group. 
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Fig. 4. Induction of RET tumor formation by subcutaneous injection of stable NIH3T3 
transfectants. Measurement of tumor volume and immunohistochemical examination of 
cancer cell proliferation allows estimation of tumor aggressiveness. 
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correction (Benjamini and Hochberg False Discovery Rate). Cut-offs are set empirically to 
three fold and P ≤ 0.01.  
Analyzing and classifying the array data 

The methods described above generate a gene list and expression profile that is unique for a 
certain point mutation. The obtained expression profile is normalized and clustered together 
with our pre-existing RET tumor transcriptomic database. This allows us to estimate the 
potential outcome of a RET point mutation on the genetic level. Information about biological 
processes and signaling pathways that participate in RET-induced cellular transformation 
are from outstanding importance, because this could reveal attractive therapeutic targets 
such as small molecules inhibitors. To extract therapy relevant information, functional 
annotation clustering is applied by using the Database for Annotation, Visualization and 
Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov/). This online database 
provides a comprehensive set of functional annotation tools to understand biological 
meaning behind large list of genes. In detail, functional annotation clustering condenses an 
input gene list into smaller, much more organized biological annotation modules in a term-
centric manner. It allows investigators to focus on the annotation group level by quickly 
organizing many redundant/similar/hierarchical terms within the group. Annotation 
clusters, such as immune response, transcriptional regulation, chemokine activity, cytokine 
activity, kinase activity, signaling transduction, cell death and so on, could be found on the 
top of the output as expected for this study. With these results one can quickly focus on the 
major biology at an annotation cluster level. The enrichment score is to rank the overall 
importance (enrichment) of annotation term groups. It is the geometric mean of all the 
enrichment P-values of each annotation term in the group. 
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Fig. 5. Microarray data mining and expression analysis strategies to classify RET tumors 
with uncharacterized point mutations. Functional annotation clustering can be used to 
identify targets with therapeutic potential. 

Expression profiling identified a statistically significant modification of 1494 genes, 628 down- 
and 866 upregulated in MEN 2B compared with MEN 2A/FMTC tumors. By contrast, no 
obvious alterations were observed among individual MEN 2B and MEN 2A type mutations, or 
between MEN 2A and FMTC. Functional clustering of differential genes revealed RET-MEN 
2B specific upregulation of genes associated with novel growth and survival pathways. A 
central finding of this study was the extent of changes in genes whose products affect the 
immune response. In particular, we observed a remarkable accumulation of genes encoding 
NK cell receptors, T-lymphocyte antigens, regulators of NK- and T-cell 
proliferation/attraction, and apoptosis molecules important for the ability of NK cells and 
cytotoxic T cells to kill their targets in the tumors initiated by RET-MEN 2A/FMTC mutations, 
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while expression of these genes was nearly completely suppressed in RET-MEN 2B related 
cancers. Quantitative real-time PCR on tumors versus cultured NIH-RET cell lines 
demonstrated that they are largely attributed to the host innate immune system, whereas 
expression of CX3CL1 involved in leukocyte recruitment is exclusively RET-MEN 2A/FMTC 
tumor cell dependent. In correlation, massive inflammatory infiltrates were apparent only in 
tumors carrying MEN 2A/FMTC mutations, suggesting that RET-MEN 2B receptors 
specifically counteract immune infiltration by preventing chemokine expression, which may 
contribute to the different clinical outcome of both subtypes (Engelmann et al., 2009). In 
summary, our data support a model of RET oncogene-specific interference with the host 
immune system, in which chemokine production by RET-MEN 2A/FMTC cancer cells 
initiates an antitumor immune attack, while RET-MEN 2B receptors avoid tumor infiltration as 
a mechanism of evasion that may be critical for the different clinical outcome of both subtypes. 

4. Conclusion and future perspectives 
In 1993, activating mutations in RET were identified as a cause for the development of MTC. 
In the following years, extensive research has been dedicated to exploring the mechanisms 
involved in RET-mediated tumorigenesis. All acquired data emphasize the essential role of 
mutated RET in the process of MTC development and already indicate a role for RET as an 
anticancer target. In recent years, many different studies have experimentally verified that 
RET inhibition might have an adverse effect on MTC progression, and that oncogenic 
activated RET is indeed a highly promising target for the development of a targeted 
strategy. Our results obtained from functional investigations of RET oncogene mutations 
imposingly demonstrate how clinical practice is empowered by molecular information that 
dictates medical management, lending future credence to the concept of gene-informed 
personalized healthcare. In the molecular age, however, it would be farfetched to believe 
that focussing on the DNA levels is the entire truth to solve an individual´s prognosis. 
Downstream of the transcriptional level regulation of mRNA awaits to be the next step in 
oncogenesis research. At this point small non-coding microRNAs (miRNAs) appear on 
stage. The discovery of miRNAs and their impact on functions in many biological and 
physiological processes has opened a new broad area of possible interactions in the 
regulatory network of cells. Furthermore, in the past few years it became evident that these 
regulatory RNAs also have an emerging role in development and progression of tumors. 
Extensive profiling of miRNAs in many cancer types revealed significant differences in their 
expression patterns, making them an interesting tool for cancer treatment. Until now the 
expression and functions of miRNAs in thyroid cancers has been described for follicular, 
anaplastic and papillary thyroid carcinomas. The studies demonstrated that in these cancer 
types distinct miRNAs are up and down regulated. In turn, these miRNAs regulate several 
transcription factors and effector molecules that are implicated in proliferation, cell 
adhesion, apoptosis and finally lead to oncogenesis and de-differentiation. Thus, miRNAs 
can act as oncogenes or tumor suppressors in thyroid cancers. To date complete miRNA 
profiles of MTCs harboring distinct RET mutations are missing. An opportunity that must 
be exploited for moving towards individualized medicine in cancer treatment beyond ATA 
risk stratification or, even more important, for prevention of metastasis. The technical 
procedure developed in our laboratory to identify MTC-associated miRNAs contributing to 
the oncogenic potential of the mutated RET receptor are illustrated in Fig. 6. 
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In the following years, extensive research has been dedicated to exploring the mechanisms 
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RET inhibition might have an adverse effect on MTC progression, and that oncogenic 
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imposingly demonstrate how clinical practice is empowered by molecular information that 
dictates medical management, lending future credence to the concept of gene-informed 
personalized healthcare. In the molecular age, however, it would be farfetched to believe 
that focussing on the DNA levels is the entire truth to solve an individual´s prognosis. 
Downstream of the transcriptional level regulation of mRNA awaits to be the next step in 
oncogenesis research. At this point small non-coding microRNAs (miRNAs) appear on 
stage. The discovery of miRNAs and their impact on functions in many biological and 
physiological processes has opened a new broad area of possible interactions in the 
regulatory network of cells. Furthermore, in the past few years it became evident that these 
regulatory RNAs also have an emerging role in development and progression of tumors. 
Extensive profiling of miRNAs in many cancer types revealed significant differences in their 
expression patterns, making them an interesting tool for cancer treatment. Until now the 
expression and functions of miRNAs in thyroid cancers has been described for follicular, 
anaplastic and papillary thyroid carcinomas. The studies demonstrated that in these cancer 
types distinct miRNAs are up and down regulated. In turn, these miRNAs regulate several 
transcription factors and effector molecules that are implicated in proliferation, cell 
adhesion, apoptosis and finally lead to oncogenesis and de-differentiation. Thus, miRNAs 
can act as oncogenes or tumor suppressors in thyroid cancers. To date complete miRNA 
profiles of MTCs harboring distinct RET mutations are missing. An opportunity that must 
be exploited for moving towards individualized medicine in cancer treatment beyond ATA 
risk stratification or, even more important, for prevention of metastasis. The technical 
procedure developed in our laboratory to identify MTC-associated miRNAs contributing to 
the oncogenic potential of the mutated RET receptor are illustrated in Fig. 6. 
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Fig. 6. Real-time PCR based screening for microRNA profiles in various human MTCs 
harboring RET point mutations. Clustering is used to reveal differential expression patterns 
of distinct microRNAs in tumors compared to healthy donor tissue. 
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1. Introduction 
Medullary thyroid carcinoma is a neuroendocrine tumor which accounts for 5-10% of all 
thyroid cancers, with a various clinical course, being either an extremely benign tumor or an 
aggressive variant with a high mortality rate. Medullary thyroid carcinoma is sporadic in 
80% of cases while in 20% of cases it follows a hereditary pattern, known as isolated familial 
MTC or multiple endocrine neoplasia type 2 syndromes, transmitted in an autosomal-
dominant manner. Genetic analysis of the RET protooncogene constitutes an excellent 
powerful diagnostic tool for medullary thyroid carcinoma, especially for the hereditary 
form. Somatic, germline but also de novo mutations have all been associated with sporadic 
and hereditary forms of the disease and exons 10,11,13-16 of the RET gene locus are mainly 
involved. However, accumulating data support the association of other exons, including 
exon 8, with MTC but more studies need to be done, in order to provide more information 
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aggressive variant with a high mortality rate. Medullary thyroid carcinoma is sporadic in 
80% of cases while in 20% of cases it follows a hereditary pattern, known as isolated familial 
MTC or multiple endocrine neoplasia type 2 syndromes, transmitted in an autosomal-
dominant manner. Genetic analysis of the RET protooncogene constitutes an excellent 
powerful diagnostic tool for medullary thyroid carcinoma, especially for the hereditary 
form. Somatic, germline but also de novo mutations have all been associated with sporadic 
and hereditary forms of the disease and exons 10,11,13-16 of the RET gene locus are mainly 
involved. However, accumulating data support the association of other exons, including 
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MTC, is sporadic in 80% of cases (SMTC), presenting as an asymptomatic, accidentally 
found neck mass in the middle age, which spreads to regional lymph nodes in up to 50% of 
cases, as well as to distant sites (mediastinum, liver, lungs,bone). (Moo-Young 2009, Raue 
2010, Alevizaki 2009) However, in 7% of individuals with apparently sporadic tumors, 
genetic screening revealed germline mutations of the RET (REarranged during Transfection) 
protooncogene (RET), indicating an overdiagnosis of SMTC in the absence of genetic 
screening. (Elisei 2007, Romei 2011). 
In 20% of cases, MTC follows a hereditary pattern (HMTC), known as isolated familial 
(FMTC) or multiple endocrine neoplasia type 2 (MEN2) syndromes, transmitted in an 
autosomal-dominant manner. (Moo-Young 2009, Raue 2010, Alevizaki 2009) In opposite to 
the sporadic form, HMTC is characterized by small, frequently multifocal and bilateral 
nodules. (Moo-Young 2009, Raue 2010, Alevizaki 2009) The earlier identification of kindreds 
at risk of HMTC and the earlier selection of affected members for prophylactic 
thyroidectomy (14.9 versus 36.4 years), has resulted in a decrease in primary tumor size 
from 0.8 to 0.2 cm, a reduction in the percentage of bilateral neoplasms from 100% to 13%, a 
fall in the rate of lymph node metastases from 58% to 0%, all of them associated with less 
morbidity and mortality from HMTC. (Wells 1994, Graze 1978, Lips 1994) 
FMTC, accounts for 35–40% of HMTC, exhibits variable expressivity and penetrance and 
follows a more indolent course compared to MEN syndromes, with a late onset or no 
clinically manifest disease and relative good prognosis. (Moo-Young 2009, Raue 2010, 
Alevizaki 2009) However, the diagnosis of MTC as FMTC is not sometimes correct. MTC 
is often the first manifestation of MEN2A, misclassified as FMTC with 
pheochromocytomas diagnosed later while a significant overlap in the genetic mutations 
between FMTC and MEN2A is observed. (Moo-Young 2009, Raue 2010, Alevizaki 2009) 
Thus, the definition of FMTC is strict and needs multiple members affected after the age 
of 50 years and the absence of either pheochromocytoma or hyperparathyroidism in 
more than 10 carriers. (Brandi 2001) Nowadays, FMTC is considered as a phenotypic 
mildest variant of MEN2A, in which there is a strong predisposition to MTC and 
decreased penetrance of pheochromocytoma and primary hyperparathyroidism. In 
practical terms, especially in smaller kindreds, it is suggested that it is safer to label a 
family as MEN2A than FMTC, which ensures that patients are screened and monitored 
for the development of pheochromocytomas. (Moo-Young 2009, Raue 2010, Alevizaki 
2009, Brandi 2001) 
MEN2, is a rare cancer syndrome, transmitted in an autosomal dominant manner. The 
estimated prevalence is 2.5 per 100,000 cases in the general population. More than 1,000 
kindreds have been described while many others have never been reported. MEN2 syndromes, 
involve MTC, following by pheochromocytoma in 50% of cases, primary hyperparathyroidism 
in 30% of cases and less commonly other clinical manifestations such as cutaneous lichen 
amyloidosis or Hirschsprung’s disease. (Moo-Young 2009, Raue 2010, Alevizaki 2009) 
MEN2A, accounts for 55% of all cases with MEN2, consisting of MTC in 75% -90% of cases, 
in combination with pheochromocytoma and primary hyperparathyroidism. MTC is 
typically multifocal and bilateral, starts in early adulthood and is responsible for most of the 
mortality associated with MEN2A, indicating the need for early recognition and treatment. 
(Moo-Young 2009, Raue 2010, Alevizaki 2009) 
MEN2B syndrome, accounts for 5-10% of cases with MEN2, consisting of MTC, 
pheochromocytoma (50%), ganglioneuromatosis, Marfanoid habitus and less often clinical 
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manifestations (megacolon, skeletal abnormalities, markedly enlarged peripheral nerves). 
MTC has its onset at a very young age (infancy), is most commonly aggressive and the 
patients are rarely cured of their disease, due to delayed diagnosis. (Moo-Young 2009, Raue 
2010, Alevizaki 2009) 

3. Diagnosis of medullary thyroid carcinoma  
Since MTC is a multifacet thyroid cancer with a benign or aggressive course, the early 
recognition and treatment, even at the preclinical stage, is of crucial importance, leading in a 
higher cure rate of affected patients and a much better prognosis. (Roman 2006, Wells 1994, 
Graze 1978).  
During the last decade, a great progress in the diagnostic identification of MTC has been 
made. Although questionable, calcitonin screening in patients with thyroid nodules has  led 
to an increased rate of MTC diagnosis. Traditionally, calcitonin levels either basal or after 
provocative testing, constitute important diagnostic tools, in the identification of patients 
harbouring MTC. (Lips 1994) However, since the late 1990s, with the advent of molecular 
biology, genetic analysis of the RET, has been proved as a powerful diagnostic tool for MTC, 
especially HMTC . (Brandi 2001, Kouvaraki 2005) 

4. Genetics of medullary thyroid carcinoma 
MTC has been associated with mutations in the RET, a 21 exons gene, mapped to 
chromosome 10q11.2. (Brandi 2001, Kouvaraki 2005, Arighi 2005, Plaza-Menacho 2006) 
RET is a receptor tyrosine kinase, which exhibits trans-autophosphorylation of 
intracellular tyrosine residues and activation of downstream signaling pathways 
(Ras/ERK, phosphotidylinositol-3-kinase/AKT, beta-catenin/WNT, phospholipase, C 
gamma, Src), in tissues that express the receptor. The RET protein consists of a N terminal 
signal peptide, an extracellular region with 4 cadherin-like repeats, a calcium- binding site 
and a cysteine-rich domain, a transmembrane region, and an intracellular portion with 
two tyrosine kinase domains.(Kouvaraki 2005, Arighi 2005, Plaza-Menacho 2006) 
Activating point mutations in RET lead to constitutive activity of the receptor, C-cell 
hyperplasia (CCH) and MTC. The scenario of the “two hits” is now supported, including 
an inherited ‘‘first hit’’ leading to C-cell hyperplasia and a secondary somatic ‘‘second 
hit’’ in activated C cells, leading to HMTC. (Roman 2006) Genetic analysis of RET 
diagnoses MTC in about 98% of known families. (Brandi 2001) Since the distinction 
between sporadic and hereditary forms of MTC is not often clear, nowadays, RET 
molecular testing has solved a lot of diagnostic problems in patients with MTC, ensuring 
a better management of patients and their families and less MTC associated morbidity 
and mortality. (Wells 1994, Graze 1978, Lips 1994)  

4.1 RET mutations 
Since 1993, that the first germline mutation of the RET was identified, an accumulating 
number of RET mutations has been isolated, linked to MTC. (Brandi 2001, Kouvaraki 2005, 
Arighi 2005, Plaza-Menacho2006) Based on the RET molecular testing, 1-7% of cases with 
apparently sporadic tumors were found to have RET mutations. (Elisei 2007, Romei 2011, 
Wohllk 1996, Blaugrund 1994, Elisei 2008)  
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patients are rarely cured of their disease, due to delayed diagnosis. (Moo-Young 2009, Raue 
2010, Alevizaki 2009) 
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Since MTC is a multifacet thyroid cancer with a benign or aggressive course, the early 
recognition and treatment, even at the preclinical stage, is of crucial importance, leading in a 
higher cure rate of affected patients and a much better prognosis. (Roman 2006, Wells 1994, 
Graze 1978).  
During the last decade, a great progress in the diagnostic identification of MTC has been 
made. Although questionable, calcitonin screening in patients with thyroid nodules has  led 
to an increased rate of MTC diagnosis. Traditionally, calcitonin levels either basal or after 
provocative testing, constitute important diagnostic tools, in the identification of patients 
harbouring MTC. (Lips 1994) However, since the late 1990s, with the advent of molecular 
biology, genetic analysis of the RET, has been proved as a powerful diagnostic tool for MTC, 
especially HMTC . (Brandi 2001, Kouvaraki 2005) 
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gamma, Src), in tissues that express the receptor. The RET protein consists of a N terminal 
signal peptide, an extracellular region with 4 cadherin-like repeats, a calcium- binding site 
and a cysteine-rich domain, a transmembrane region, and an intracellular portion with 
two tyrosine kinase domains.(Kouvaraki 2005, Arighi 2005, Plaza-Menacho 2006) 
Activating point mutations in RET lead to constitutive activity of the receptor, C-cell 
hyperplasia (CCH) and MTC. The scenario of the “two hits” is now supported, including 
an inherited ‘‘first hit’’ leading to C-cell hyperplasia and a secondary somatic ‘‘second 
hit’’ in activated C cells, leading to HMTC. (Roman 2006) Genetic analysis of RET 
diagnoses MTC in about 98% of known families. (Brandi 2001) Since the distinction 
between sporadic and hereditary forms of MTC is not often clear, nowadays, RET 
molecular testing has solved a lot of diagnostic problems in patients with MTC, ensuring 
a better management of patients and their families and less MTC associated morbidity 
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Since 1993, that the first germline mutation of the RET was identified, an accumulating 
number of RET mutations has been isolated, linked to MTC. (Brandi 2001, Kouvaraki 2005, 
Arighi 2005, Plaza-Menacho2006) Based on the RET molecular testing, 1-7% of cases with 
apparently sporadic tumors were found to have RET mutations. (Elisei 2007, Romei 2011, 
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Genetic testing of the RET is performed by PCR amplification of the patient’s germline DNA 
obtained from white blood cells or thyroid tissue. Initially, exons 10, 11, 13, 14, 15, and 16 are 
carefully screened and if no mutations are detected, the remaining 15 exons of the RET gene 
should be sequenced. It has been estimated that mutations are found in over 95% of cases of 
HMTC. Otherwords, the predicted risk of HMTC in a patient with a negative genetic testing  
is estimated to be only 0.18%. (Kouvaraki 2005)  
The RET mutations might occur: in the substrate recognition pocket of the catalytic core 
(mutations in codon 918), leading to receptor dimerization and cross-phosphorylation; in the 
extracellular domain (exons 8, 10, 11) leading to ligand-independent homodimerization, 
cross-phosphorylation and receptor activation; in the intracellular domain (exons 13, 14, 15, 
16), leading to alteration in the substrate recognition pocket of the catalytic core with 
constitutive activation of the RET kinase enzyme catalytic site and autophosphorylation. 
RET mutations in MEN2 are typically missense mutations that lead to ligand independent 
receptor activation, a model that is well known for a variety of human cancers, but is 
uncommon for a hereditary cancer gene. (Kouvaraki 2005, Arighi 2005, Plaza-Menacho2006)   
The identified RET mutations exhibit a strong genotype-phenotype correlation and they are 
classified into 3 groups with a 14-fold incremental increase from mutations in level 1 to level 
3. (Kouvaraki 2005, Donis-Keller 1993, Eng 1996, Alevizaki 1997, Yip 2003, Marx 2005, 
Mulligan 1993, Machens 2003)  Recent guidelines from the American Thyroid Association 
(ATA) propose a classification of RET mutations in 4 levels (A–D), with level D mutations 
denoting the highest risk for early onset or aggressive MTC and level A mutations carrying 
the lowest risk. (Kloos 2009).  

4.2 RET mutations and sporadic medullary thyroid cancer  
Approximately 50-60% of specimens from patients with SMTC, contain somatic but not 
germline RET mutations. (Wohllk 1996, Blaugrund 1994, Elisei 2008) The most common 
somatic mutations occur in codons 918 and 833 (exons 15 and 16) while less commonly somatic 
mutations in exons 10 and 11 are found which are associated with poor prognosis (Wohllk 
1996, Blaugrund 1994, Elisei 2008) Murra et al, has demonstrated somatic mutations in 64.7% 
of MTC tumours. Exon 16 was the most frequently affected (60.6%), followed by exon 15, 
while exons 5,8,10-14, were less affected. Mutations in exons 15 and 16, were associated with 
higher prevalence of persistent, multifocal MTC with a spread in regional lymph nodes, while 
mutations in exons 5,8,10-14, were associated with the most indolent course of MTC. (Moura 
2009) Schilling et al, examined multiple lymph nodes from patients with SMTC and 
demonstrated that 76% of patients with SMTC had concordant codon-918 mutation in all 
lymph nodes tested (43% all positive, 33% all negative). Moreover, patients with somatic 
codon-918 mutations had an increased rate of metastases to distant sites (lung, bone, liver) and 
an overall worst prognosis. (Schilling 2001 A single nucleotide polymorphism (SNP) of RET, 
G961S, has been shown to be more frequent in patients with SMTC compared with healthy 
subjects, associated with an earlier age of MTC, and with higher calcitonin levels. (Cardot-
Bauters 2008, Robledo 2003, Elisei 2004). The real significance of the observed mutations is not 
clear. The coexistence of mutation positive and negative regions in MTC tumors, suggests that 
these mutations may not always be initiating or essential. (Eng 1996) 
At present, genetic testing for tumor mutations of the RET is not part of the routine practice in 
patients with SMTC, as the clinical utility is still undefined. However, screening of individuals 
with apparently sporadic MTC may uncover germline RET mutations in approximately 7% of 
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cases, which in about 2-9% are de novo mutations, suggesting that these cases had actually 
HMTC and not SMTC. (Elisei 2007, Romei 2011, Wohllk 1996, Blaugrund 1994, Elisei 2008) In 
addition, the existing clinical data suggest a correlation of the RET mutations with the course 
of the disease and possibly the response to treatment which is going to be further evaluated by 
clinical trials which are in progress. Thus, it might be useful to perform RET genetic testing in 
all patients with MTC, even in those with apparently SMTC.  

4.3 RET mutations and hereditary medullary thyroid cancer 
To date, 98% of affected families with HMTC apparently exhibit genetic linkage to the RET 
gene locus and only a small percentage of MEN2 families have had no RET mutation 
detected. (Kouvaraki 2005, Donis-Keller 1993,  Eng 1996, Alevizaki 1997, Yip 2003, Marx 
2005, Mulligan 1993 )  
Isolated FMTC has been traditionally associated with germline-activating mutations of the 
extracellular region of RET, mainly at cysteine codons 609, 611, 618, 620, 630, 634 in exons 10 
and 11, in the extracellular domain which is associated with the three-dimensional ligand-
binding pocket. These mutations lead to ligand-independent dimerization and receptor 
activation. Noncysteine mutations of the intracellular region of RET in exons 13–16 are less 
commonly linked to FMTC while mutations in other exons have been rarely reported in 
isolated families. Some mutations (particularly codons 532, 533, 630, 769, V804M, 844, 912) 
are thought to be relatively specific for FMTC. However, codon 533 is also associated with 
MEN2A, indicating that only time and observation in large numbers of families can confirm 
this specificity. (Kouvaraki 2005, Peppa 2008, Kamakari 2008) Nowadays, FMTC constitutes 
a challenging form of MTC, which is considered as a phenotypic mildest variant of MEN2A. 
A number of FMTC patients finally have MEN2A while a significant overlap in the observed 
RET mutations, is commonly found.  
Different RET mutations lead to the distinct clinical syndromes of MEN2A, MEN2B, and 
FMTC while a significant overlap exists between RET mutations associated with FMTC or 
MEN2A. The great majority of patients with MEN2A have mutations of RET in exons 
10,11,13-16 while patients with MEN2B exhibit a single mutation at codon 918 of exon 16. 
(Kouvaraki 2005, Donis-Keller 1993,  Eng 1996, Alevizaki 1997, Yip 2003, Marx 2005, 
Mulligan 1993, Hofstra 1994 )  
Due to a strong genotype-phenotype correlation in MTC, the genetic analysis and  the 
identification of specific germline RET mutations offer important information regarding 
the penetrance of MTC and associated lesions. For example, mutations at codon 634 in 
exon 11 accounts for approximately 60% of all MEN2 families rather than FMTC, with 
hyperparathyroidism occurring in 20% of patients, a manifestation which is  uncommon 
with other RET mutations. (Schuffenecker 1998, Karga 1998) In addition, the same 
mutations are associated with significantly earlier progression from C-cell hyperplasia to 
MTC and earlier lymph node involvement than patients with most other mutations 
related to MEN2A and FMTC. (Peppa 2008, Hofstra 1994) According to the International 
RET Exon 10 Consortium, codon-associated penetrance by age 50, ranged from 60% 
(codon 611) to 86% (620) while more advanced stage and increasing risk of metastases 
correlated with mutation in codon position (609→620) near the juxtamembrane domain. 
(Frank-Raue 2011) A large European consortium study reported by Machens et al, offer 
detailed clinical penetrance data, analyzed according to individual  mutations. (Machens 
2003)  
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cases, which in about 2-9% are de novo mutations, suggesting that these cases had actually 
HMTC and not SMTC. (Elisei 2007, Romei 2011, Wohllk 1996, Blaugrund 1994, Elisei 2008) In 
addition, the existing clinical data suggest a correlation of the RET mutations with the course 
of the disease and possibly the response to treatment which is going to be further evaluated by 
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binding pocket. These mutations lead to ligand-independent dimerization and receptor 
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Different RET mutations lead to the distinct clinical syndromes of MEN2A, MEN2B, and 
FMTC while a significant overlap exists between RET mutations associated with FMTC or 
MEN2A. The great majority of patients with MEN2A have mutations of RET in exons 
10,11,13-16 while patients with MEN2B exhibit a single mutation at codon 918 of exon 16. 
(Kouvaraki 2005, Donis-Keller 1993,  Eng 1996, Alevizaki 1997, Yip 2003, Marx 2005, 
Mulligan 1993, Hofstra 1994 )  
Due to a strong genotype-phenotype correlation in MTC, the genetic analysis and  the 
identification of specific germline RET mutations offer important information regarding 
the penetrance of MTC and associated lesions. For example, mutations at codon 634 in 
exon 11 accounts for approximately 60% of all MEN2 families rather than FMTC, with 
hyperparathyroidism occurring in 20% of patients, a manifestation which is  uncommon 
with other RET mutations. (Schuffenecker 1998, Karga 1998) In addition, the same 
mutations are associated with significantly earlier progression from C-cell hyperplasia to 
MTC and earlier lymph node involvement than patients with most other mutations 
related to MEN2A and FMTC. (Peppa 2008, Hofstra 1994) According to the International 
RET Exon 10 Consortium, codon-associated penetrance by age 50, ranged from 60% 
(codon 611) to 86% (620) while more advanced stage and increasing risk of metastases 
correlated with mutation in codon position (609→620) near the juxtamembrane domain. 
(Frank-Raue 2011) A large European consortium study reported by Machens et al, offer 
detailed clinical penetrance data, analyzed according to individual  mutations. (Machens 
2003)  
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4.4 De novo RET mutations and hereditary medullary thyroid carcinoma 
A small percentage (3-6%), of patients with MTC, have a negative family history and 
germline RET mutations which arise de novo. Such de novo mutations are noted at a much 
higher frequency in the allele inherited from the patient’s father. (Wohllk 1996, Donis-
Keller 1993, Eng 1996, Alevizaki 1997, Carlson 1994) Unlike MEN2A, MEN2B is 
commonly associated with de novo germline mutations and the diagnosis is most often 
based on the characteristic clinical features (elongated facies, oral ganglioneuromas of 
the lips and tongue). Such de novo mutation at codon 883 in exon 15, has been found in a 
small number of MEN2B families. (Gimm 1997) Because of frequent de novo mutations, 
patients with MEN2B should be suspected on the basis of the characteristic features and 
not on the family history. De novo RET mutations, tend to be disproportionately clustered 
in the intracellular domain (exons 13–15), linked with reduced MTC penetrance, 
compared to the more classic familial patterns associated with extracellular mutations in 
exons 10 and 11.  

4.5 RET mutations in exon 8 and hereditary medullary thyroid carcinoma 
In addition to the classical RET mutations observed in exons 10,11,13-16, accumulating data 
support the association of RET mutations in other exons associated with HMTC, including 
exon 8. The first report by Pigny et al. described a 9 bp duplication of exon 8 in a family with 
FMTC. (Pigny 1999) Da Silva et al, in a study of 76 patients with FMTC from a 6-generation 
Brazilian family with 229 subjects, demonstrated a new missense point RET mutation in 
exon 8 (1597G-->T) corresponding to a Gly(533)Cys substitution in the cysteine-rich domain. 
(Da Silva 2003) Kaldrymides et al, detected the same mutation in all seven FMTC Greek 
patients and in 13 heterozygotes and 1 homozygote asymptomatic relatives, with a wide 
clinical heterogenecity. (Kaldrymides 2006) Fazioli et al, found 4 novel RET variants, located 
in the extracellular domain (p.A510V, p.E511K and p.C531R) coded by exon 8 on the 
leukocyte DNA from apparently sporadic cases, in addition to the intracellular 
juxtamembrane region (p.K666N) coded by exon 11, suggesting that these variants are 
associated with FMTC. (Fazioli 2008) Peppa et al, found the same mutation, in 2 index 
patients with MEN2A, consisting of pheochromocytoma and MTC and in 6 out of 12 (50%) 
family members. Additionally, one of the index patients was asymptomatic, the 
pheochromocytoma being accidentally found, while the second patient had hypertension 
but negative testing for pheochromocytoma despite repeated measurements. Furthermore, 
the MTC was least aggressive as it was not clinically apparent, while none of the family 
members died from MTC-related causes. (Peppa 2008) Moreover, Kamakari et al, have 
identified the same G533C mutation in 11 unrelated families with FMTC and 4 with 
MEN2A, explaining the ‘RET-negative’ FMTC/MEN2A patients. (Kamakari 2008). The 
above observations are considered quite interesting points in the characterization of the 
MEN2A phenotype associated with the G533C point mutation in exon 8 of the RET which 
seems to be less aggressive. The existing data, reveal an oncogenic potential for all the novel 
germline RET variants, including exon 8 genomic variations, which seem to have a higher 
oncogenic potential than previously thought. (Muzza 2010) 
The above findings indicate that patients with MTC should be screened for other 
components of MEN and also should be evaluated through a complete genetic screening 
including exon 8, especially if the classical RET screening is negative. 
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5. Conclusion  
RET molecular testing has offered tremendous help on the early identification of patients 
with MTC, the distinction between the sporadic and hereditary forms of MTC,  the 
prognosis of the natural course of the disease and the response to treatment. To date, the 
identified RET mutations exhibit a strong genotype-phenotype correlation, which has been 
the basis for establishing the clinical risk levels depending on the nature of the mutations. A 
“complete” germline RET testing should be performed in all MTC patients, independently 
of the family history, including 10, 11, 13–16 and other “ non classical” exons including exon 
8, especially in the case of a negative testing. At present, the risk profiles and the penetrance 
estimations cannot be done in patients with MTC of all causes, caused by RET mutations in 
exon 8, due to the deteriorated data. More studies need to be done, in order to provide more 
information about the role of exon 8 genomic variations, on the disease start, progression, 
potential and penetrance.  
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1. Introduction  
Congenital hypothyroidism is one of the most frequent causes of growth and developmental 
delay and preventable mental retardation. It’s incidence of approximately 1 in 4,000 births 
(Fisher, 2008). Recently in some countries higher incidences were 1/1800, 1/2759 reported 
(Skordis et al., 2005; Henry et al., 2002).  

2. Classification and etiology  
Congenital hypothyroidism is usually classifiated as primary, secondary and tertiary or as 
permanently and transient hypothyroidism. Primary congenital hypothyroidism accounts 
for 90% of all cases. Approximately 85% of cases are sporadic, while 15% are hereditary. 
Besides dietary iodine deficiency, the causing reasons of permanently congenital 
hypothyroidism are embryologic and anatomical defect of the thyroid gland, biosyntetic 
defect in the production of thyroid hormones in sporadic cases. The most common causes 
are thyroid gland dysgenesis associated with ectopic, hypoplastic and absent gland 
(athyreosis). The next most common cause of permanent congenital hypothyroidism is 
dyshormonogenesis (MacGillivray, 2004). Affected patients have normally located and 
normally shaped thyroid gland but are enlarged due to thyroid-stimulating hormone 
chronic and hyperstimulation 
The pathogenesis of dysgenesis is largely unknown, some cases are now discovered to be 
the result of mutations in the transcription factors PAX-8 and TTF-2. Loss of function 
mutations in the thyrotropin (TSH) receptor have been demonstrated to cause some familial 
forms of athyreosis. The most common hereditary etiology is the inborn errors of thyroxine 
(T4) synthesis. Recent mutations have been described in the genes coding for the 
sodium/iodide symporter, thyroid peroxidase (TPO), and thyroglobulin. Transplacental 
passage of a maternal thyrotropin receptor blocking antibody (TRB-Ab) causes a transient 
form of familial congenital hypothyroidism (Brown, 2009). 

3. Actions of thyroid hormone and clinical findings in congenital hypothyroid 
Thyroid hormone has multiple effects in cells, including stimulation of thermogenesis, water 
and ion transport and acceleration of substrate turnover and amino acid and lipid 
metabolism. Thyroid hormone also potentiates the action of catecholamine’s (Brown, 2009). 
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Whereas thyroid hormone-mediated effects in the pituitary, brain and bone can be detected 
prenatally, thyroid hormone-dependent action in brown adipose tissue, liver, heart, skin 
and carcass are apparent only postnatally.  
The most prominent finding in view of the rough face of delayed diagnosis. In some cases, 
depending on the TSH stimulation can be found enlarged thyroid gland (fig 1a-1b). During 
the perinatal period, brown adipose tissue is essential for non-shivering thermogenesis. 
Thyroid hormone stimulates transcription of thermogenin that protein that uncouples 
nucleotide phosphorylation and the storage of energy as ATP. As the child matures, 
shivering thermogenesis assumes greater importance and brown adipose tissue disappears 
(Brown, 2009). In children with thyroid hormone deficiency is impaired temperature 
regulation. Thus the skin is rough and cold skin, and is evidence '' cutis marmorata '' signs. 
Hypertrichosis in children with delayed diagnosis and treatment of hypothyroidism can be 
seen in the back (fig 2).  
 

  
 

Fig. 1a, 1b. A 19-year-old girl with congenital primary hypothyroidism. Enlarged thyroid 
gland, coarse facial, umbilical hernia, thick hair, outpouring of the medial parts of the 
eyebrows, abdominal distantion and delayed pubertal findings are seen  (Nobel Med, 2010; 
6(1):74-77). 
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Fig. 2. A 6-year-old girl with congenital primary hypothyroidism. Dark and thick hairs on 
her back are seen. 

Other important thyroid hormone target in the perinatal period is bone, as evidenced by the 
striking growth retardation, decreased growth velocity and delayed ossification of the 
epiphyseal growth plate characteristic of long-standing untreated hypothyroidism in 
infancy and childhood. Thyroid hormone-mediated bone maturation involves both direct 
and indirect actions. The indirect action mediated by regulation of growth hormone gene 
expression and the IGF system (Robson et al., 2000, 2002). T3 regulates endochondral 
ossification and controls chondrocyte differentiation in the growth plate both in vitro and in 
vivo as a direct (Robson et al., 2000; Ball et al., 1997). Osteoblasts and growth plate 
chondrocytes both express TRs and several T3-specific target genes have been identified in 
bone (Stevens et al., 2003). T3 also stimulates closure of the skull sutures in vivo, the basis 
for the enlarged anterior and posterior fontanelle characteristic of infants with congenital 
hypothyroidism (Akita et al., 1994). Due to delayed bone maturation, there were skeletal 
deformed, kyphoscoliosis, on thoraco lumbar vertebrae in a 21 year old female with delayed 
diagnosis of hypothyroidism (fig 3). Bone age is retarded in hypothyroidism almost always 
exceeds the retardation in linear growth. Tooth eruption may be delayed, and in rare cases 
stippled epiphyses are evident radiograpically.  
In the brain, thyroid hormone provides the induction signal for the differentiation and 
maturation of neural system, and a critical window of brain development. These processes 
include neurogenesis and neural cell migration (occurring predominantly between 5 and 24 
weeks), neuronal differentiation, dendritic and axonal growth, synaptogenesis, gliogenesis 
(late fetal to 6 months postpartum), myelination (second trimester to 24 months postpartum) 
and neurotransmitter enzyme synthesis. The thyroid hormone- deficient patient usually 
exhibits slowing of the deep tendon reflexes, with a delayed relaxation phase.  (Brown, 
2009). The sella turcica may be enlarged (Oatridge, 2002).  
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Fig. 3. A 21-year-old female with congenital primary hypothyroidism. Short stature, coarse 
facial, kyphoscolyosis on her back and absent of pubertal findings are seen (Nobel Med, 
2010; 6(1):74-77). 

The absence of thyroid hormone appears to delay rather than eliminate the timing of critical 
morphological events or gene products, resulting in a disorganization of intercellular 
communication. TRs are found in highest concentration in developing neurons and in 
multiple areas of the fetal brain, including the cerebrum, cerebellum, auditory and visual 
cortex. Consistent with a nuclear receptor-mediated mode of action, thyroid hormone 
stimulates numerous developmentally regulated genes, including genes for myelin, 
neurotropins and their receptors, cytoskeletal components, transcription factors, 
extracellular matrix proteins and adhesion molecules, intracellular signaling molecules, as 
well as mitochondrial and cerebellar genes. In addition, thyroid hormones regulate some 
genes at the level of mRNA stability or mRNA splicing (Brown, 2009).  
Sexual development of most hypothyroid children is delayed in approximate proportion to 
the retardation of skeletal maturation (fig 1a-3). However, rare children with severe 
hypothyroidism present with signs of precocious puberty, the Van Wyk-Grumbach 
syndrome, (Van Wyk & Grumbach, 1960; Hemady et al., 1978; Chattopadhyay et al., 2003). 
Girls manifest precocious menstruation, breast development, and galactorrhea. In boys, this 
syndrome is associated with excessive enlargement of the penis and testes. Most of these 
patients lack pubic hair, and bone age is retarded in keeping with the duration of the 
hypothyroid state. Serum prolactin and TSH levels are elevated in some children, but the 
molecular mechanism of precocious puberty is not clear. The increased serum prolactin 
levels are probably explained by the fact that TRH stimulates TSH and prolactin release 
from the pituitary. A paracrine action of the hyperstimulated thyrotropic cells on 
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gonadotrope cells may explain the increased gonadotropin secretion. It is also possible that 
these patients have genetic variants of the gonadotropin receptors that can be stimulated by 
the increased TSH levels (Anasti et al., 1995). Similar findings have been reported for TSH 
and FSH receptor variants stimulated by HCG (Rodien et al., 1998; Montanelli et al, 2004). 
When the hypothyroid state is alleviated, the manifestations of sexual precocity regress—
and normal puberty ensues when the general level of maturity has progressed 
appropriately. 

4. Newborn screening for congenital hypothyroidism 
The morbidity of congenital hypothyroidism can be reduced to a minimum by early 
diagnosis and therapy. Thus mental retardation in affected infants is eliminated 
completely with treatment. Unfortunately, usually the disease may become evident after 
many symptoms of the condition leads to an irreversible brain damage. It was reported 
that, during the first month of birth, only 10% of the congenital hypothyroidism cases 
were diagnosed by clinical findings while 35% were diagnosed within 3 months after 
labor and 70% within a year and 100% only within 3-4 years of age, before screening for 
hypothyroid (Klein, 1972). Diagnosis of hypothyroidism has been delayed in the countries 
not applied national newborn screening yet (Malik & But, 2008; Tahirović & Toromanović, 
2005).  
The process involves measurement of T4 and/or TSH on dried blood spots obtained from 
skin puncture done in first days after birth. In most center, only TSH is used to screen 
newborn infant, because of primary hypothyroidism is most common causes of congenital 
hypothyroidism. The cutoff for reporting an elevated TSH is a level above 20-25 U/L in 
most screening programs. 

4.1 Diagnostic criteria 
Diagnosis of congenital hypothyroidism has essentially based levels of serum TSH and 
frees T4. In affected infants presenting with very low serum free T4 and very high TSH 
levels. Rarely, some infants have only a moderate elevation of serum TSH and normal T4 
levels. 
Congenital hypothyroidism is usually diagnosed during the neonatal period or early 
infancy. Sometimes, the diagnosis may be delayed in families with low level of socio-
economic, and if the birth at home is frequent in population (Yuca et al. 2010). The 
newborn screening programs for early diagnosis and treatment is vital in congenital 
hypothyroidism.  

5. Treatment  
The primary aim of treatment for congenital hypothyroidism is begin adequate thyroid 
hormone replacement as early as possible to optimize the prognosis for intellectual 
development. L-thyroxin is preferred to triiodothyronine, because T4 to T3 convert locally in 
brain and peripheral tissues.  
The starting oral dose of L-thyroxin is 10 to 12 μg/kg/day. The target range for serum is T4 

to 10-16 μg/dl. The clinical responses vary among infants even on the standardized dose 
regimen. Adjustment dose is based on the serum T4 levels and the clinical examination. The 
patient should be follow at regular intervals. 
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6. Prognosis in delayed diagnosis and treatment 
At 2-year-old and over children may refer to hospital due to uncertain growth and 
developmental retardation. Untreated congenital hypothyroidism cases may display 
different levels of mental retardation and delayed linear growth and bone maturation. 
Infants with delayed treatment may demonstrate neurological disorders such as spasticity 
and corrupted walking patterns, dysarthia or mutism and autistic behavior (Delong, 1996).  
Patients receiving treatment with delayed diagnosis is under an obvious target height, but 
can show some physical growth. These are may gain the skill and awareness of their daily 
functions, and if they does not speak, will be start talking or improve of talking. If they not 
walking, are start walk, and have more active movements. It returns to the findings of 
thermogenesis and skin disorders. The findings of the skeleton will have been better by 
support therapies such as vitamin D3 and calcium. In the patients had goiter with pressure 
symptoms, in fact the thyroid gland is nonfunctional, must be thyroidectomy. 
Eventually, puberty is developed in the patients with congenital hypothyroid, and they may 
be fertile. But they cannot reach the mental development accordance with their own age, 
which is easy for patient with early diagnose and treatment (Oerbeck et al., 2003; Kempers et 
al., 2006; Josef et al., 2008 ). 

7. Conclusion 
Today, there is sensitive radioimmunoassay to measure serum T4 and TSH using a blood 
spot made it possible to initiate newborn thyroid screening programs. Affected patients 
have get out of permanent mental retardation by early diagnosis and treatment with 
adequate dose of L-thyroxine. 
Hypothyroidism not only the brain but also the other tissues affect and lead to functional 
and developmental abnormalities there. Some of these functions are recovered a small 
amount with long-term treatment. Unfortunately, in the patients diagnosed after the 
completion of the development of the brain, mental retardation is severe and irreversible 
despite appropriate therapy.  
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1. Introduction 
An adrenal incidentaloma is an important clinical finding that is often considered harmless, 
but can be the tip of the iceberg. The term incidentaloma indicates an adrenal mass larger 
than 1 cm, incidentally discovered during imaging studies performed for reasons other than 
suspicion of adrenal pathology. Lesions identified during staging procedure or work-up for 
patients with a known extra-adrenal malignancy are not considered to be an incidentaloma 
(Young, Jr. 2000; Grumbach et al. 2003; Young, Jr. 2007; Singh & Buch 2008; Terzolo et al. 
2009; Androulakis et al. 2011).   
The entity incidentaloma is not a new finding and has been reported for many years 
(Grumbach et al. 2003; Young, Jr. 2007; Singh & Buch 2008; Terzolo et al. 2009; Androulakis 
et al. 2011). Because of the increased use of imaging techniques and improvement in 
abdominal imaging, the frequency of incidentaloma findings is increasing as well. Recent 
studies using high-resolution computed tomography (CT) have reported an estimated 
prevalence of 4% (Young, Jr. 2007; Singh & Buch 2008). In autopsy studies the prevalence 
ranged 0.2%-8.7%, depending on definitions used and age group, as there is an age-
dependent occurrence of adrenal incidentalomas (Young, Jr. 2000; Grumbach et al. 2003; 
Young, Jr. 2007; Singh & Buch 2008; Terzolo et al. 2009; Androulakis et al. 2011). The 
estimated prevalence in patients younger than 30 years is < 1%, in contrast to a 7% 
frequency in patients 70 years of age or older (Young, Jr. 2007). With an aging population 
and advanced radiological techniques becoming more widely available, the increasing 
frequency of adrenal incidentalomas is of growing importance. 
When an incidentaloma is found, it is of vital importance to make an early and reliable 
differentiation between benign and (potentially) malignant lesions, but also to assess tumor 
functionality. The mass can originate from either the adrenal medulla or cortex 
(Androulakis et al. 2011). Consequently, a spectrum of different pathological conditions may 
underlie an incidentaloma, all requiring a different therapeutic approach. As much as 38 
different diagnoses have been reported in patients with a serendipitous discovered adrenal 
tumor (Young, Jr. 2000). Most adrenal incidentalomas are clinically nonhypersecretory 
benign adenomas, with an estimated frequency of 70-80%, which cause no health problems. 
However, in 5-20% of patients who have no endocrinological signs or symptoms, analysis 
reveals subclinical hypercortisolism (Grumbach et al. 2003; Young, Jr. 2007; Singh & Buch 
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2008; Terzolo et al. 2009). Other frequently reported diagnoses besides a nonfunctioning 
adenoma include adrenocortical carcinoma (ACC), pheochromocytoma, metastasis and 
aldosterone-producing adenoma. Although malignancy is rare, it is of great clinical concern 
because of the poor prognosis (Grumbach et al. 2003; Terzolo et al. 2009). 
After recognition of an incidentaloma both patient and physician are faced with 
uncertainties regarding the course, likelihood of a malignancy and treatment of the 
adrenal mass. Unfortunately, no diagnostic or therapeutic strategy has been validated in 
prospective clinical trials. Thus, the diagnostic work-up as well as management of an 
incidentaloma is a growing public health challenge (Young, Jr. 2007; Singh & Buch 2008; 
Terzolo et al. 2009).  
The goal of this chapter is to provide a diagnostic guideline, which contains information about 
clinical presentation, biochemical work-up and radiological imaging. In addition, this chapter 
offers practical recommendations for the management of adrenal incidentaloma, including 
surgery and follow-up. Also, therapeutic options for adrenal carcinoma are discussed. 
Furthermore, we present organisational recommendations concerning the management of 
adrenal incidentaloma and emphasize the need for centralization of adrenal disease-research 
and patient care. This will provide patients with an opportunity to receive optimal care, as the 
beneficial effects of specialization have been proven multiple times in other rare diseases.   

2. Diagnostics of incidentaloma 
The first step in the evaluation of adrenal incidentalomas is establishing the definition of the 
tumor type, beginning with a thorough history taking and extensive physical examination, 
with attention to signs or symptoms of hormonal overproduction, a malignancy or 
pheochromocytoma. Furthermore, hormonal work-up and radiological imaging is required 
in the diagnostic evaluation of the adrenal mass.  

2.1 History and physical examination 
2.1.1 History 
Signs suggestive of hormonal overproduction may include Cushing’s characteristics, 
symptoms of hyperaldosteronism or sex hormone excess. Cushing’s syndrome may be 
asymptomatic in the event of subclinical disease or present with weight gain and central 
obesity, flushes, proximal muscle weakness, and polydipsia. Furthermore, cognitive 
changes, such as irritability, depression or restlessness, may also be present. Hirsutism, 
acne, gynaecomastia and oligomenorrhoe may be symptoms of hypercortisolism or sex 
hormone overproduction. Features of primary hyperaldosteronism are nocturia, muscle 
cramps and polyuria in case of hypokalaemia and palpitations (Young, Jr. 2007; Singh & 
Buch 2008; Androulakis et al. 2011). 
The classic triad of symptoms associated with a pheochromocytoma includes episodic 
headaches of variable duration, tachycardia and generalized sweating. However, this 
combination of symptoms is present in only a small percentage of patients (10%) (Nieman 
2010). Characteristics less commonly present are pallor, dyspnea and anxiety and secondary, 
complaints of hyperglycemia, unintentional weight loss, arrhythmias and cardiomyopathy 
(Young, Jr. 2007; Androulakis et al. 2011). 
An adrenocortical carcinoma may either present with signs of adrenal hypersecretion as 
mentioned above or symptoms related to mass effect, such as abdominal fullness or 
abdominal pain. Cancer-related signs (e.g. fever, unintentional weight loss) are less 

Adrenal Incidentaloma and Adrenocortical Carcinoma:  
A Clinical Guideline on Treating the Unexpected and a Plea for Specialized Care 

 

293 

frequently present (Young, Jr. 2007; Singh & Buch 2008; Terzolo et al. 2009; Androulakis et 
al. 2011). 

2.1.2 Physical examination  
Clinical features of Cushing’s syndrome detected during physical examination are 
hypertension, central obesity, striae, facial rounding (‘moon face’), supraclavicular and 
dorsocervical fat pads (‘buffalo hump’), proximal muscle weakness, clitoris hypertrophy, acne 
and hirsutism. Primary aldosteronism is characterized by hypertension. In rare cases, female 
patients can present with signs of virilization (e.g. acne, hirsutism) as a result of testosterone 
excess. In contrast, an estrogen secreting adrenal lesion can produce signs of feminization, 
such as gynaecomasty in the male patient. A pheochromocytoma may present with 
hypertension (paroxysmal or sustained), orthostatic hypotension, pallor and sweating on 
physical examination. Adrenocortical carcinoma may as well present signs of hormonal 
overproduction mentioned above. In addition, a palpable mass may be present at abdominal 
examination (Young, Jr. 2007; Singh & Buch 2008; Terzolo et al. 2009; Androulakis et al. 2011).  
 

Causes Estimated 
prevalence Clinical presentation  

Adenoma    

Subclinical Cushing’s 
Syndrome 9 % 

Weight gain with central obesity, flushes, 
proximal muscle weakness, polydipsia, cognitive 
changes 

Primary aldosteronism 1.2 % Nocturia, muscle cramps, polyuria, palpitations 

Androgen 
overproduction Rare Hirsutism, acne, oligomenorrhoe 

Nonfunctioning 73.9 % - 

Pheochromocytoma 4.7 % Episodic headaches, tachycardia, generalized 
sweating, pallor, dyspnea, anxiety 

Malignancy    

Adrenocortical 
carcinoma 4.8 % Symptoms of functioning mass (see above), 

abdominal pain or fullness 

Metastasis  2.3 % Cancer-related symptoms (fever, unintentional 
weight loss)  

Table 1. Prevalence and clinical presentation of the most frequent types of adrenal 
incidentaloma (Young, Jr. 2007, Singh and Buch 2008)  

2.2 Hormonal evaluation 
Additional hormonal work-up is necessary in the evaluation of tumor functionality. Although 
an adrenal mass may appear clinically nonhypersecretory, up to 20% of patients with an 
incidentaloma may have hormonal dysfunction, which might be associated with a higher risk 
of morbidity, such as metabolic disorders and cardiovascular disease (Singh & Buch 2008; 
Androulakis et al. 2011). 



  
Contemporary Aspects of Endocrinology 

 

292 

2008; Terzolo et al. 2009). Other frequently reported diagnoses besides a nonfunctioning 
adenoma include adrenocortical carcinoma (ACC), pheochromocytoma, metastasis and 
aldosterone-producing adenoma. Although malignancy is rare, it is of great clinical concern 
because of the poor prognosis (Grumbach et al. 2003; Terzolo et al. 2009). 
After recognition of an incidentaloma both patient and physician are faced with 
uncertainties regarding the course, likelihood of a malignancy and treatment of the 
adrenal mass. Unfortunately, no diagnostic or therapeutic strategy has been validated in 
prospective clinical trials. Thus, the diagnostic work-up as well as management of an 
incidentaloma is a growing public health challenge (Young, Jr. 2007; Singh & Buch 2008; 
Terzolo et al. 2009).  
The goal of this chapter is to provide a diagnostic guideline, which contains information about 
clinical presentation, biochemical work-up and radiological imaging. In addition, this chapter 
offers practical recommendations for the management of adrenal incidentaloma, including 
surgery and follow-up. Also, therapeutic options for adrenal carcinoma are discussed. 
Furthermore, we present organisational recommendations concerning the management of 
adrenal incidentaloma and emphasize the need for centralization of adrenal disease-research 
and patient care. This will provide patients with an opportunity to receive optimal care, as the 
beneficial effects of specialization have been proven multiple times in other rare diseases.   

2. Diagnostics of incidentaloma 
The first step in the evaluation of adrenal incidentalomas is establishing the definition of the 
tumor type, beginning with a thorough history taking and extensive physical examination, 
with attention to signs or symptoms of hormonal overproduction, a malignancy or 
pheochromocytoma. Furthermore, hormonal work-up and radiological imaging is required 
in the diagnostic evaluation of the adrenal mass.  

2.1 History and physical examination 
2.1.1 History 
Signs suggestive of hormonal overproduction may include Cushing’s characteristics, 
symptoms of hyperaldosteronism or sex hormone excess. Cushing’s syndrome may be 
asymptomatic in the event of subclinical disease or present with weight gain and central 
obesity, flushes, proximal muscle weakness, and polydipsia. Furthermore, cognitive 
changes, such as irritability, depression or restlessness, may also be present. Hirsutism, 
acne, gynaecomastia and oligomenorrhoe may be symptoms of hypercortisolism or sex 
hormone overproduction. Features of primary hyperaldosteronism are nocturia, muscle 
cramps and polyuria in case of hypokalaemia and palpitations (Young, Jr. 2007; Singh & 
Buch 2008; Androulakis et al. 2011). 
The classic triad of symptoms associated with a pheochromocytoma includes episodic 
headaches of variable duration, tachycardia and generalized sweating. However, this 
combination of symptoms is present in only a small percentage of patients (10%) (Nieman 
2010). Characteristics less commonly present are pallor, dyspnea and anxiety and secondary, 
complaints of hyperglycemia, unintentional weight loss, arrhythmias and cardiomyopathy 
(Young, Jr. 2007; Androulakis et al. 2011). 
An adrenocortical carcinoma may either present with signs of adrenal hypersecretion as 
mentioned above or symptoms related to mass effect, such as abdominal fullness or 
abdominal pain. Cancer-related signs (e.g. fever, unintentional weight loss) are less 

Adrenal Incidentaloma and Adrenocortical Carcinoma:  
A Clinical Guideline on Treating the Unexpected and a Plea for Specialized Care 

 

293 

frequently present (Young, Jr. 2007; Singh & Buch 2008; Terzolo et al. 2009; Androulakis et 
al. 2011). 

2.1.2 Physical examination  
Clinical features of Cushing’s syndrome detected during physical examination are 
hypertension, central obesity, striae, facial rounding (‘moon face’), supraclavicular and 
dorsocervical fat pads (‘buffalo hump’), proximal muscle weakness, clitoris hypertrophy, acne 
and hirsutism. Primary aldosteronism is characterized by hypertension. In rare cases, female 
patients can present with signs of virilization (e.g. acne, hirsutism) as a result of testosterone 
excess. In contrast, an estrogen secreting adrenal lesion can produce signs of feminization, 
such as gynaecomasty in the male patient. A pheochromocytoma may present with 
hypertension (paroxysmal or sustained), orthostatic hypotension, pallor and sweating on 
physical examination. Adrenocortical carcinoma may as well present signs of hormonal 
overproduction mentioned above. In addition, a palpable mass may be present at abdominal 
examination (Young, Jr. 2007; Singh & Buch 2008; Terzolo et al. 2009; Androulakis et al. 2011).  
 

Causes Estimated 
prevalence Clinical presentation  

Adenoma    

Subclinical Cushing’s 
Syndrome 9 % 

Weight gain with central obesity, flushes, 
proximal muscle weakness, polydipsia, cognitive 
changes 

Primary aldosteronism 1.2 % Nocturia, muscle cramps, polyuria, palpitations 

Androgen 
overproduction Rare Hirsutism, acne, oligomenorrhoe 

Nonfunctioning 73.9 % - 

Pheochromocytoma 4.7 % Episodic headaches, tachycardia, generalized 
sweating, pallor, dyspnea, anxiety 

Malignancy    

Adrenocortical 
carcinoma 4.8 % Symptoms of functioning mass (see above), 

abdominal pain or fullness 

Metastasis  2.3 % Cancer-related symptoms (fever, unintentional 
weight loss)  

Table 1. Prevalence and clinical presentation of the most frequent types of adrenal 
incidentaloma (Young, Jr. 2007, Singh and Buch 2008)  

2.2 Hormonal evaluation 
Additional hormonal work-up is necessary in the evaluation of tumor functionality. Although 
an adrenal mass may appear clinically nonhypersecretory, up to 20% of patients with an 
incidentaloma may have hormonal dysfunction, which might be associated with a higher risk 
of morbidity, such as metabolic disorders and cardiovascular disease (Singh & Buch 2008; 
Androulakis et al. 2011). 



  
Contemporary Aspects of Endocrinology 

 

294 

2.2.1 Subclinical Cushing’s Syndrome 
The most frequently diagnosed endocrine alteration in patients with an incidentaloma is 
Subclinical Cushing’s Syndrome (SCS), which refers to autonomous and dysregulated 
cortisol secretion by the tumor, which may cause mild cortisol excess without typical 
signs and symptoms of hypercortisolism (Young, Jr. 2007; Singh & Buch 2008; 
Androulakis et al. 2011). It is also known as subclinical autonomous glucocorticoid 
hypersecretion (Grumbach et al. 2003). The average prevalence is 9% (range 1-29%, 
depending on criteria used)(Singh and Buch 2008). It is difficult to characterize, since 
clinical Cushing’s syndrome is not present and patients may have normal 24-hour 
urinary free cortisol secretion (Terzolo et al. 2009). Therefore, late-night salivary cortisol 
and/or overnight dexamethasone (1 mg) suppression test is recommended to detect 
subclinical hypercortisolism (Grumbach et al. 2003; Nieman 2010). The optimal cut-off 
value is much discussed. A cortisol value greater than 138 nmol per liter (5 microg/dL) 
in response to 1mg dexamethasone overnight is associated with glucocorticoid 
overproduction and has an estimated sensitivity of 98% and specificity of 80-98% (Singh 
and Buch 2008). When a level between 50-70 nmol/L (1.8-2.5 microg/dL) is used as cut-
off value, confirmatory testing is indicated, such as midnight plasma cortisol or serum 
ACTH level (Grumbach et al. 2003; Young, Jr. 2007; Singh & Buch 2008; Terzolo et al. 
2009).  
Recent studies and own observations identify urinary steroid profiling as a very 
promising screening instrument for early differentiation between benign and malignant 
tumors. A quantitative analysis of steroid precursors by gas chromatography and mass 
spectrometry reveals steroid patterns associated with particular clinical problems. A 
recently designed algorithm screens for nine metabolites in a 24-hour urine sample and 
has impressive test characteristics with high sensitivity and specificity (Taylor A & Arlt 
2010).  

2.2.2 Primary aldosteronism 
Primary aldosteronism (Conn’s syndrome) is present in approximately 1.2% of patients 
with an adrenal incidentaloma (Androulakis et al. 2011). The textbook presentation 
comprises hypertension and hypokalaemia, however almost 40% of patients are 
normokalaemic (Young, Jr. 2000; Singh & Buch 2008). Therefore, serum potassium level is 
not considered a reliable screening method. Hormonal work-up includes routine 
measurement of ambulatory morning plasma aldosterone concentration to plasma renin 
activity ratio (PAC/PRA ratio) in hypertensive patients. This can be performed during 
treatment with antihypertensive drugs with the exception of beta blockers and 
aldosterone antagonists. A PAC/PRA ratio ≥ 30 and plasma aldosterone concentration 
greater than 0.5 nmol/L is indicative of autonomous aldosterone secretion. Since the 
PAC/PRA ratio is influenced by time of sampling and posture of the patient, the 
diagnosis needs to be confirmed by additional measurement of mineralocorticoid 
secretory autonomy (e.g. saline infusion test) (Young, Jr. 2000; Grumbach et al. 2003; 
Young, Jr. 2007; Singh & Buch 2008; Nieman 2010). 

2.2.3 Sex hormone overproduction 
Sex hormone-secreting adrenal tumors rarely present as an incidentaloma, since they are 
usually symptomatic (e.g. hirsutism, virilization, gynaecomasty). Androgen overproduction 
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may be a feature of ACC, but measurement of androgens and their precursors in serum has 
a low diagnostic accuracy in differentiating malignant from benign adrenal masses. Routine 
measurement of androgen or estrogen production is not necessary in patients with an 
incidentaloma (Young, Jr. 2000; Young, Jr. 2007) 
Nonclassical congenital adrenal hyperplasia may cause unilateral or bilateral adrenal 
lesions and is an uncommon cause (< 1%) of incidentalomas. Routine cosyntropin-
stimulation testing with measurement of cortisol precursors is not warranted, unless the 
diagnosis is suspected based on clinical manifestation (hirsutism, acne, menstrual 
irregularities) or the presence of bilateral adrenal masses (Young, Jr. 2000; Young, Jr. 2007; 
Nieman 2010). 

2.2.4 Silent pheochromocytoma 
The estimated prevalence of a pheochromocytoma among patients with an adrenal 
incidentaloma is 4-7% Although it is mostly a benign condition, it may cause significant 
morbidity and mortality. Hypertension is constantly present in only half of the patients and 
paroxysmal in approximately 30%. It is essential to diagnose a catecholamine-secreting 
pheochromocytoma, since it has the potential to cause cardiac arrhythmias and 
hemodynamic instability even in asymptomatic patients. Therefore, routine measurement of 
fractionated metanephrines and catecholamines in 24-hour urine specimen is indicated in all 
patients presenting with an incidentaloma. Recent research reported the superiority of 
determination of fractionated plasma free metanaphrines, with a diagnostic sensitivity of 
99% and specificity of 89%. However, this method is not widely available (Grumbach et al. 
2003; Young, Jr. 2007; Singh & Buch 2008; Terzolo et al. 2009; Nieman 2010; Androulakis et 
al. 2011).  

2.3 Radiologic evaluation  
Imaging studies that brought the incidentaloma to light should be reviewed with a focus on 
the adrenal glands, but will often be insufficient. The goal is to distinguish adenomas from 
malignant masses. Several imaging characteristics are used to assess the malignant potential 
and to provide information concerning appropriate management.  

2.3.1 Computed Tomography  
It is advised to perform an unenhanced CT-scan to help distinguish adenomas from 
nonadenomas, followed by a delayed contrast-enhanced sequence and computed wash-out 
percentage (Hamrahian et al. 2005).  Attenuation of adrenal masses is measured in 
Hounsfield Units. A low attenuation on CT before contrast administration indicates high 
lipid content and is found in adenomas. However, around 30% (range 10-40%) of adenomas 
do not have a large lipid content and consequently may be difficult to discriminate from 
nonadenomas. 
Furthermore, size and appearance of the adrenal lesion may as well help to differentiate 
between benign and malignant tumors. The probability of an incidentaloma being an 
ACC is directly related to size of the lesion. A diameter greater than 4 cm is reported to 
have 90% sensitivity for identifying ACC, but a low specificity, since only approximately 
25% of lesions greater than 4 cm are malignant. In addition, calcifications, necrosis and 
hemorrhage are indicative of a malignancy (Young, Jr. 2000; Terzolo et al. 2009; Nieman 
2010).   
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2.2.1 Subclinical Cushing’s Syndrome 
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may be a feature of ACC, but measurement of androgens and their precursors in serum has 
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measurement of androgen or estrogen production is not necessary in patients with an 
incidentaloma (Young, Jr. 2000; Young, Jr. 2007) 
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diagnosis is suspected based on clinical manifestation (hirsutism, acne, menstrual 
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incidentaloma is 4-7% Although it is mostly a benign condition, it may cause significant 
morbidity and mortality. Hypertension is constantly present in only half of the patients and 
paroxysmal in approximately 30%. It is essential to diagnose a catecholamine-secreting 
pheochromocytoma, since it has the potential to cause cardiac arrhythmias and 
hemodynamic instability even in asymptomatic patients. Therefore, routine measurement of 
fractionated metanephrines and catecholamines in 24-hour urine specimen is indicated in all 
patients presenting with an incidentaloma. Recent research reported the superiority of 
determination of fractionated plasma free metanaphrines, with a diagnostic sensitivity of 
99% and specificity of 89%. However, this method is not widely available (Grumbach et al. 
2003; Young, Jr. 2007; Singh & Buch 2008; Terzolo et al. 2009; Nieman 2010; Androulakis et 
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2.3 Radiologic evaluation  
Imaging studies that brought the incidentaloma to light should be reviewed with a focus on 
the adrenal glands, but will often be insufficient. The goal is to distinguish adenomas from 
malignant masses. Several imaging characteristics are used to assess the malignant potential 
and to provide information concerning appropriate management.  

2.3.1 Computed Tomography  
It is advised to perform an unenhanced CT-scan to help distinguish adenomas from 
nonadenomas, followed by a delayed contrast-enhanced sequence and computed wash-out 
percentage (Hamrahian et al. 2005).  Attenuation of adrenal masses is measured in 
Hounsfield Units. A low attenuation on CT before contrast administration indicates high 
lipid content and is found in adenomas. However, around 30% (range 10-40%) of adenomas 
do not have a large lipid content and consequently may be difficult to discriminate from 
nonadenomas. 
Furthermore, size and appearance of the adrenal lesion may as well help to differentiate 
between benign and malignant tumors. The probability of an incidentaloma being an 
ACC is directly related to size of the lesion. A diameter greater than 4 cm is reported to 
have 90% sensitivity for identifying ACC, but a low specificity, since only approximately 
25% of lesions greater than 4 cm are malignant. In addition, calcifications, necrosis and 
hemorrhage are indicative of a malignancy (Young, Jr. 2000; Terzolo et al. 2009; Nieman 
2010).   



  
Contemporary Aspects of Endocrinology 

 

296 

CT-
characteristic  Adenoma  Pheochromocy

toma 
Adrenocortical 
carcinoma Metastasis  

Size Usually < 4 cm Large, usually 
> 3 cm 

Large, usually 
> 3 cm 

Variable, 
usually < 3 cm 

Shape  Round, smooth 
margins 

Round, smooth 
margins 

Irregular, 
unclear 
margins 

Oval, irregular 
margins 

Attenuation on 
unenhanced CT < 10 HU > 10 HU  > 10 HU > 10 HU  

Washout (in 10 
minutes) Rapid, > 50%  Delayed, < 50% Delayed, < 50% Delayed, < 50% 

Growth rate Stable  Slow (usually) Rapid (usually) Variable  

Other features 

Rarely 
necrosis, 
hemorrhage or 
calcification 

Hemorrhage, 
cystic necrotic 
areas 

Necrosis, 
hemorrhage, 
calcification 

Hemorrhage, 
cystic necrotic 
areas 

HU = Hounsfield Units 

Table 2. CT characteristics of the most frequent types of an incidentaloma (Young, Jr. 2000; 
Young, Jr. 2007; Terzolo et al. 2009) 

2.3.2 Magnetic Resonance Imaging 
Magnetic Resonance Imaging (MRI) is equally effective as CT in differentiating benign from 
malignant adrenal masses  (Grumbach et al. 2003). A normal adrenal gland is characterized 
by an equal or slightly lower intensity than that of the liver on T1 and T2. In contrast, 
malignant lesions are hyperintense on T2-weighted images (Young, Jr. 2000; Androulakis et 
al. 2011).  

2.3.3 Positron Emission Tomography 
Additional advanced radiological testing is generally not indicated. 18-Fluoro-2-deoxy-D-
glucose positron emission tomography (PET) is highly sensitive in identifying malignant 
lesions. However, it is of limited use regarding the evaluation of adrenal incidentaloma (in 
patients without a prior history of malignancy) (Young, Jr. 2007; Singh & Buch 2008; Boland 
2011)  

2.4 Fine-Needle Aspiration 
There is no evidence to support the routine use of computed tomography-guided fine-
needle aspiration (FNA) in the diagnostic evaluation of an incidentaloma. It is rarely 
informative, since it has a high-false negative rate, and there is a risk of complications, such 
as hemorrhage, abdominal pain, pancreatitis and pneumothorax. Moreover, its added value 
over radiological imaging has not been established. In case of a suspected 
pheochromocytoma FNA is contraindicated, since manipulation of the tumor can 
potentially cause a hypertensive crisis. Furthermore, biopsy of an adrenocortical carcinoma 
may lead to tumourspill and consequently tumor recurrence along the needle track. The 
only role of FNA in the evaluation of an incidentaloma is in confirming metastatic disease in 
patients with a known extra-adrenal malignancy without other signs of metastases (Young, 
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Jr. 2000; Grumbach et al. 2003; Young, Jr. 2007; Quayle et al. 2007; Singh & Buch 2008; 
Terzolo et al. 2009; Nieman 2010).  

3. Diagnostic evaluation 
The work-up leads to a preliminary conclusion which determines further management. The 
spectrum varies from benign adenoma to the presumption of malignancy or a 
pheochromocytoma.  

3.1 Suspect adenoma 
As noted before, the first step in evaluation of an adrenal incidentaloma is discrimination 
between a benign or malignant adrenal mass, in which radiological imaging by CT-scan has 
a fundamental role. Most adrenal incidentalomas exhibit characteristic features of 
adrenocortical adenoma (ACA). Adenomas typically present as small (< 4 cm) lesions, with 
clear margins and high lipid content, which is characterized by low attenuation (< 10 HU) 
on unenhanced CT. Furthermore, they display rapid washout of contrast medium (e.g. more 
than 50% after 10 minutes) (see figure 1) (Androulakis et al. 2011).   
 
 

 
 
 

Fig. 1. Washout sequence of an adrenocortical adenoma 
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Young, Jr. 2007; Terzolo et al. 2009) 
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Additional advanced radiological testing is generally not indicated. 18-Fluoro-2-deoxy-D-
glucose positron emission tomography (PET) is highly sensitive in identifying malignant 
lesions. However, it is of limited use regarding the evaluation of adrenal incidentaloma (in 
patients without a prior history of malignancy) (Young, Jr. 2007; Singh & Buch 2008; Boland 
2011)  

2.4 Fine-Needle Aspiration 
There is no evidence to support the routine use of computed tomography-guided fine-
needle aspiration (FNA) in the diagnostic evaluation of an incidentaloma. It is rarely 
informative, since it has a high-false negative rate, and there is a risk of complications, such 
as hemorrhage, abdominal pain, pancreatitis and pneumothorax. Moreover, its added value 
over radiological imaging has not been established. In case of a suspected 
pheochromocytoma FNA is contraindicated, since manipulation of the tumor can 
potentially cause a hypertensive crisis. Furthermore, biopsy of an adrenocortical carcinoma 
may lead to tumourspill and consequently tumor recurrence along the needle track. The 
only role of FNA in the evaluation of an incidentaloma is in confirming metastatic disease in 
patients with a known extra-adrenal malignancy without other signs of metastases (Young, 
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Jr. 2000; Grumbach et al. 2003; Young, Jr. 2007; Quayle et al. 2007; Singh & Buch 2008; 
Terzolo et al. 2009; Nieman 2010).  

3. Diagnostic evaluation 
The work-up leads to a preliminary conclusion which determines further management. The 
spectrum varies from benign adenoma to the presumption of malignancy or a 
pheochromocytoma.  

3.1 Suspect adenoma 
As noted before, the first step in evaluation of an adrenal incidentaloma is discrimination 
between a benign or malignant adrenal mass, in which radiological imaging by CT-scan has 
a fundamental role. Most adrenal incidentalomas exhibit characteristic features of 
adrenocortical adenoma (ACA). Adenomas typically present as small (< 4 cm) lesions, with 
clear margins and high lipid content, which is characterized by low attenuation (< 10 HU) 
on unenhanced CT. Furthermore, they display rapid washout of contrast medium (e.g. more 
than 50% after 10 minutes) (see figure 1) (Androulakis et al. 2011).   
 
 

 
 
 

Fig. 1. Washout sequence of an adrenocortical adenoma 
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In patients with non-functioning ACA, size of the adrenal mass is the major determinant 
in choice of management (Nieman 2010; Androulakis et al. 2011). Over 60% of 
incidentalomas less than 4 cm in diameter are ACA, in contrast only 2% are malignant. 
For a small non-functioning adenoma surgical resection is not necessary, follow-up 
through CT-imaging and biochemical screening will suffice. In lesions larger than 6 cm 
the prevalence of ACC increases to approximately 25% and surgery is indicated (Singh & 
Buch 2008). Management of adrenal masses with a diameter between 4 to 6 cm is less well 
defined. Because of a higher risk of malignancy in this subgroup of patients, surgical 
approach is recommended in most cases.  
In about 20% of adrenal adenomas hormonal work-up reveals overproduction of 
aldosterone (0.5-1%) or cortisol (5-20%), which may have a negative influence on patient’s 
health. Primary hyperaldosteronism is associated with increased risk of cardiovascular 
events. Additionally, patients with SCS may be at risk for potential morbidity attributable to 
cortisol overproduction. However, progression to clinical overt Cushing’s syndrome is 
uncommon. Surgical resection is considered the treatment of choice when biochemical 
overproduction is confirmed.  

3.2 Suspect pheochromocytoma  
It is essential to exclude a pheochromocytoma in patients presenting with an adrenal 
incidentaloma, because they are potentially lethal even when clinically asymptomatic 
(Young, Jr. 2007). Increased metanephrines and catecholamines in 24-hour urine specimen 
or fractionated plasma free metanaphrines in combination with features on CT, such as 
increased attenuation on unenhanced CT (>10 HU), prominent vascularity of the mass and 
delayed washout of contrast (<50% after 10 minutes), are highly suggestive of a 
pheochromocytoma (Terzolo et al. 2009). Characteristics indicative of pheochromocytoma 
on MRI include hyperintensity on T2-weighted imaging, with approximately 92% sensitivity 
and 88% specificity (Androulakis et al. 2011). When a pheochromocytoma is suspected, 
surgical treatment is indicated. Patients should be adequately prepared pre-operatively by 
adrenergic blockade, to prevent a perioperative hypertensive crisis caused by manipulation 
of the tumor and subsequent catecholamine-release. 

3.3 Suspect malignancy  
3.3.1 Adrenocortical carcinoma 
The risk of a malignancy is the main concern in patients with an incidentaloma. The 
prevalence of ACC in these patients without a history of malignancy is estimated at 4.8%, 
which makes it the most commonly identified adrenal malignancy (Terzolo et al. 2009). It is 
an aggressive malignancy with a median survival of 19 months (range 8-29 months), as 
calculated from data of 191 patients diagnosed between 2000 and 2010 in The Netherlands. 
Prognosis of ACC is still mainly dependent on stage at diagnosis (Fassnacht & Allolio 2009). 
For that reason it is vital to make accurate decisions regarding the necessary diagnostic and 
therapeutic measurements.  
A smaller tumor size corresponds with a lower tumor stage and consequently better 
prognosis. The risk of ACC is, as mentioned, associated with mass size. However, because the 
prevalence of adrenal adenoma is age-dependent, the presence of small adrenal masses in 
young patients should raise major concern of a potential malignancy. A malignant adrenal 
lesion typically presents as a larger mass (> 6 cm) and is characterized by an irregular border, 
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high attenuation on unenhanced CT (> 10 HU) and slow washout after contrast administration 
(see figure 2) (Terzolo et al. 2009). Own observations from the authors show that although an 
ACC may appear clinically non-functioning, in about 80-95% additional hormonal work-up 
and urinary steroid profiling reveals presence of hormone excess.  
When an adrenal malignancy is suspected, further investigation concerning cancer staging is 
warranted before directing the patient to surgery.  
 

 
Fig. 2. Washout sequence of an adrenocortical carcinoma 

3.3.2 Metastasis 
Tumors that frequently metastasize to adrenal glands include carcinomas of lungs, 
esophagus, kidney, colon, breast, liver, pancreas and stomach (Young, Jr. 2007). Metastases 
frequently occur bilateral and are variable in size, mostly smaller than 3 cm. Abdominal 
imaging may also reveal the presence of necrosis, hemorrhage or calcifications (Young, Jr. 
2000). Adrenal metastasis may cause beginning adrenal insufficiency. The suspicion of 
metastasis in an incidentaloma has clinical implications for prognosis and management and 
the search for a primary neoplasm is indicated. Resection of an isolated adrenal metastasis is 
associated with improved (disease-free and overall) survival. However, only in a limited 
number of cases adequate treatment of adrenal metastasis is possible (Terzolo et al. 2009).  
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Fig. 2. Washout sequence of an adrenocortical carcinoma 
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PPAC/PRA ratio = plasma aldosterone concentration to plasma renin activity ratio.  
HU = Hounsfield Units. SCS = Subclinical Cushing’s Syndrome.  

Fig. 3. Algorithm for diagnostic evaluation of adrenal incidentaloma 
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4. Surgical treatment of incidentaloma 
Based on results of the diagnostic evaluation of the adrenal incidentaloma, decisions are 
made regarding the required therapeutic approach. However, a prospective randomized 
comparison of laparoscopic versus open adrenalectomy has not yet been performed. 
Recommendations are made based on little known evidence and pragmatism. 

4.1 Adenoma 
When an adrenocortical adenoma is suspected, subsequent management is founded on size 
of the mass and functionality. As mentioned, in case of overproduction of cortisol, 
aldosterone or sex hormones, surgical  resection of the mass is the treatment of choice. 
Mortality associated with adrenalectomy is estimated at less than 2% (Grumbach et al. 2003). 
Laparoscopic approach allows for a minimal invasive procedure associated with less 
morbidity in the patient and shorter period of hospitalization, while surgical results are 
comparable if performed by an experienced surgical team (Gill 2001). An important issue in 
resection of functioning adrenal masses is steroid suppletion peri- and postoperatively, 
because of the risk of adrenal insufficiency, hemodynamic crisis and death. In most cases 
this can be tapered over time.  
It is common practice to perform a surgical resection of incidentalomas larger then 6 cm, 
even if they are non-functioning and there are no signs of malignancy. It is unclear whether 
this is a good indication for a surgical resection, as follow-up might be sufficient as well. In 
lesions smaller than 4 cm, surgical resection is deemed not necessary and follow-up is 
generally accepted as the correct management. For lesions between 4 cm and 6 cm in 
diameter, a clear recommendation is lacking. In this group, surgery might be the safest 
option regarding the increasing risk of malignancy, however the number needed to treat 
with respect to curing a carcinoma will be large. The other option is to repeat medical 
imaging on a shorter term, for example 3 months. We expect urinary steroid profiling to 
become a valuable instrument in differentiating between benign and malignant lesions in 
this particular subgroup. 

4.2 Pheochromocytoma 
In patients with an adrenal incidentaloma and suspicion of a pheochromocytoma, rapid 
surgical resection is the standard curative option, associated with an excellent prognosis 
(Terzolo et al. 2009). Due to potential perioperative catecholamine excess, removal of a 
pheochromocytoma is accompanied with unusual hemodynamic and technical conditions, 
which require thorough preoperative medical preparation and adrenergic blockade to 
minimize perioperative cardiovascular morbidity. Furthermore, close perioperative 
monitoring is mandatory (Gill 2001; Ichikawa et al. 2002). Catecholamine release is 
suggested to be lower during laparoscopy than open adrenalectomy. Therefore, and because 
of the other benefits of laparoscopic surgery mentioned earlier, a laparoscopic approach is 
recommended in patients with an incidentaloma suspected for a pheochromocytoma (Cheah 
et al. 2002; Matsuda et al. 2002).  
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A radical surgical resection is the only chance of cure for patients with an adrenocortical 
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Fig. 3. Algorithm for diagnostic evaluation of adrenal incidentaloma 
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operatively. Success rates drop significantly in cases where a carcinoma is not recognized 
before or during surgery, as follows from own observations from the authors. This 
emphasizes the need of a complete diagnostic work-up before the patient is directed for a 
surgical resection of an incidentaloma. The surgeon has to be prepared to perform an 
extensive resection and to keep the tumour capsule intact, as tumour spill is strongly 
associated with the occurrence of peritoneal carcinomatosis and a poor prognosis (Dackiw et 
al. 2001; Schteingart et al. 2005). Therefore, several authors recommend an open surgical 
approach instead of a laparoscopic technique, which is being used increasingly in adrenal 
surgery (Gonzalez et al. 2005; Zografos et al. 2009; Leboulleux et al. 2010; Miller et al. 2010). 
This topic is controversial, as prospective studies are lacking and retrospective studies show 
contradictory results. It is our belief that in general, a laparotomy is the safest option with 
respect to achieving a complete resection, although an expert surgeon in laparoscopic 
adrenalectomies might achieve better results than a less experienced surgeon can achieve 
performing a laparotomy. 
We therefore recommend that these patients should be treated by a multidisciplinary team 
with at least an endocrinologist, a surgeon, an oncologist, a pathologist and an experienced 
radiologist. The team should evaluate all patients with a suspect adrenal incidentaloma and 
decide on which patients will be treated surgically. Peri-operative hydrocortisone 
suppletion is recommended in all patients. The surgical technique should be determined 
with respect to the preference and specific qualities of the surgeon. The pathological 
examination of the tumour requires special attention, as carcinomas might be difficult to 
recognize. Rating systems as the Weiss-score and the Van Slooten score should be applied to 
all adrenal tumours. Close follow-up using medical imaging is strongly recommended as 
the risk of recurrence is high, even after complete resection. The debate regarding adjuvant 
therapy with mitotane is still ongoing, but it is the opinion of the authors that this is 
recommended if the tumor has a ki-67 index >10% (Terzolo et al. 2007). 

5. Follow-up of nonfunctioning adenoma 
A much discussed matter in the management of patients with an non-functioning adrenal 
adenoma is the frequency and duration of follow-up evaluation. Recommendations regarding 
follow-up are aimed at identifying changes in size or functionality of the adrenal adenoma and 
to recognize lesions with malignant potential that have escaped detection on primary analysis. 
Research suggests that approximately 8% of non-functional adrenal incidentalomas increase in 
size by at least 1 cm during follow-up, whereas 3-4% decrease in size (Singh and Buch 2008, 
Young, Jr. 2000). The majority of adrenal adenomas remain stable. In contrast, adrenocortical 
carcinomas usually display rapid growth. It is recommended to repeat adrenal imaging by CT-
scan in patients with nonfunctioning adenomas smaller than 4 cm within 6-12 months after the 
initial discovery to detect size changes (Grumbach et al. 2003).  
Approximately 20% of adrenal adenomas which displayed no excess hormone secretion at 
time of discovery, become autonomous during subsequent period of 4 years. Lesions of at 
least 3 cm in diameter are more likely to develop subclinical hyperfunction in contrast to 
smaller tumors (Androulakis et al. 2011). It is reported that the risk seems to disappear after 
3-4 years follow-up. Hyperaldosteronism or catecholamine hypersecretion occurs rarely 
during follow-up (Grumbach et al. 2003). Cortisol overproduction is more likely to occur. 
Hence, annual repetition of hormonal work-up, including late-night salivary cortisol and/or 
overnight dexamethasone (1 mg) suppression test is recommended during 4 years of follow-
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up. Whether measurement of PAC/PRA ratio and determination of fractionated 
metanephrines and catecholamines in 24-hour urine specimen or fractionated plasma free 
metanephrines should be repeated, is left to the discretion of the clinician as the indication 
may vary per patient.   
Further follow-up is not indicated in patients with an adrenal mass that remains stable on 
two imaging studies, done at least 6 months apart and do not demonstrate hormonal 
overproduction during 4 years of follow-up (Grumbach et al. 2003). Recommendations 
regarding follow-up of patients with a functional adenoma who are surgically treated, have 
not been developed.  
 
Suspicion  Management Considerations  
Adenoma    

Functioning  Laparoscopic resection  Post-operative steroid 
hormone suppletion 

Nonfunctioning    

< 4 cm 

Follow-up  
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Open adrenalectomy by specialized 
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Fig. 4. Recommendations for management of adrenal incidentaloma 

6. Treatment in advanced stages 
6.1 Introduction 
The occurrence of metastatic disease in patients with adrenocortical carcinoma is not rare, as 
35% of patients present with stage 4 disease. 50% of patients who initially have had a 
curative resection, ultimately suffer a recurrence (Pommier & Brennan 1992; Stojadinovic et 
al. 2002). Even in advanced stages, a surgical debulking should be considered as our own 
observations indicate this might give a survival benefit. The backbone of treatment in 
advanced stages is formed by drug therapy with mitotane. Cytotoxic chemotherapy may be 
added, but response percentages vary. The role of radiation therapy remains disputed. 
Current experimental treatments include IGF-R blockers (OSI-906) and sunitinib. 
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6.2 Surgery 
In their recent review article, Fassnacht and Allolio provide a flowchart for management of 
ACC, which advocates at least consideration of surgery in every stage of disease (Fassnacht 
& Allolio 2009). Surgery including metastasectomy should at least be considered in stage IV 
patients and should be pursued if technically feasible and if the patient is motivated and in 
appropriate physical condition. On the other hand, the absolute survival gain might not 
weigh up against morbidity after surgery in certain (older) patients. This implies that the 
decision to perform surgery should be tailored to individual cases and should be discussed 
in a multidisciplinary team including an experienced surgeon. An additional benefit in cases 
of hormonal overproduction is that surgery might help controlling hormonal excess 
(Fassnacht & Allolio 2009).  
Repeat surgery should be considered individually, results indicate that this could be 
beneficial with regard to survival, especially if the interval between the two operations is 
more than 6 months (Allolio & Fassnacht 2006; Veytsman et al. 2009). 

6.3 Mitotane 
Mitotane is the only adrenal-specific agent available for the treatment of ACC (Haak et al. 
1994). The exact mechanism of action is not known, but it is proposed and generally 
accepted that mitotane is metabolized in adrenal mitochondria and causes cytotoxicity by 
oxidative damage through the production of free radicals (Veytsman et al. 2009). Whatever 
the exact pathway may be, the main effect is focal degeneration of the fascicular and 
(particularly) the reticular zone, which clinically leads to adrenal insufficiency for which 
glucocorticoid substitution is needed. (Hahner & Fassnacht 2005). 
When describing results of mitotane, one should differentiate between antitumor- and 
antihormonal effects. Regarding antitumor activity, mitotane has been assessed in several 
clinical studies, with variable results. Most studies were retrospective and comprised only 
small numbers of patients. Results show that mitotane does have activity against ACC. 
Percentages vary, but most investigators report total or partial tumor responses in about 
25% to 30% of cases.  
Concerning hormone excess, therapy with mitotane is sufficient in the majority of patients. 
However, the onset of mitotane is slow due to its lipophilic properties and the resulting 
accumulation in adipose tissues. It can take up to three months before therapeutic levels are 
established, so in patients with severe hypercortisolism another agent must be used 
concurrently to treat this condition while mitotane levels are being built up. The 
recommended treatment in this situation would be ketoconazol, which is generally well 
tolerated. Other options, dependent on the case at hand, could be etomidate, mifeprestone 
or metyrapone (Igaz et al. 2008; Veytsman et al. 2009). 
Mitotane treatment with a plasma concentration >14mg/L is associated with prolonged 
survival (Haak et al. 1994). Adverse effects occur in over 80% of patients and involve mainly 
the gastro-intestinal tract: anorexia, nausea, vomiting and diarrhea are frequently observed 
(Hahner & Fassnacht 2005).  Reported symptoms caused by effects on the central nervous 
system are ataxia, speed disturbances, confusion and somnolence. Typically, all adverse 
effects are reversible after mitotane withdrawal (Lanser et al. 1992). 
It is important to bear in mind that mitotane not only has adrenolytic effects, impairing 
adrenal steroidogenesis and thus inducing a need for replacement hydrocortisone, but also 
stimulates peripheral cortisol metabolism, so that hydrocortisone should be administered in 
higher doses. A second issue in managing patients on mitotane is monitoring thyroid 
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hormone and thyroid stimulating hormone levels, as mitotane can decrease thyroid 
hormone as well.  A third and possibly favorable interaction is the supposedly increased 
efficacy of cytotoxic chemotherapy when combined with mitotane. However, evidence on 
this topic is not conclusive. The proposed mechanism for this synergistic effect is the 
possible negative effect of mitotane on multidrug resistance proteins, as investigated in 
vitro, which could decrease the resistance of adrenocortical cancer cells to cytotoxic agents 
(Hahner & Fassnacht 2005; Igaz et al. 2008). 
Given the rarity of the indication and use of mitotane, it is recommended to leave treatment 
with mitotane to experienced doctors who are familiar with possible adverse events and are 
able to manage them. 

6.4 Cytotoxic chemotherapy 
Regarding cytotoxic chemotherapy, several combinations of agents have been tried so far. 
The highest response rates have been found in a trial with a treatment regimen combining 
mitotane with etoposide, doxorubicine and cisplatin (response rate 49%) and another trial 
with a treatment regimen combining mitotane and streptozotocine (response rate 36%) 
(Berruti et al. 2005), (Khan et al. 2000). Recently, these two regimens were compared in the 
First International Trial in Locally Advanced and Metastatic Adrenocortical Cancer (FIRM-
ACT). Results of this trial are expected in 2011. 

6.5 Radiation therapy 
Whether there is a place for radiation therapy in the treatment of adrenocortical carcinoma, 
is not yet clear according to the literature. Some authors claim to have accomplished 
favorable results, like prevention of local recurrence and adequate pain relief in metastatic 
disease, whereas toxicity was low (Fassnacht et al. 2006; Polat et al. 2009; Hermsen et al. 
2010).  
Other investigators recommend a more conservative approach, seeing that re-operations 
in a post-radiation tumor bed would be more difficult and that the favorable results are 
not all too convincing, given the retrospective character of research so far (Veytsman et al. 
2009). One could argue that radiation therapy can be of use in a palliative setting, 
especially in alleviating pain or neurologic complaints caused by metastatic disease in 
bone or brain and that a prospective trial is needed to determine the efficacy in an 
adjuvant setting. 

6.6 Future therapeutic agents 
The insulin-like growth factor receptor (IGF-R) in adrenocortical carcinoma is regarded as a 
possible target for treatment. Both antibody and tyrosine kinase inhibitor trials targeted 
against IGF-R are in progress. A trial using sunitinib as therapeutic agent produced 
disappointing results, but a better understanding of the metabolic complexity of the disease 
might lead to better trials in the future. Other areas of interest are VEGFR inhibitors and 
FGFR inhibitors, but these have not been translated into clinical trials yet.  

7. Limitations 
Due to limited evidence and guidelines, there are still multiple unresolved issues 
regarding management of incidentalomas, mainly concerning the duration of follow-up. 
The most important health risk in patients with an incidentaloma is related to several 



  
Contemporary Aspects of Endocrinology 

 

304 

6.2 Surgery 
In their recent review article, Fassnacht and Allolio provide a flowchart for management of 
ACC, which advocates at least consideration of surgery in every stage of disease (Fassnacht 
& Allolio 2009). Surgery including metastasectomy should at least be considered in stage IV 
patients and should be pursued if technically feasible and if the patient is motivated and in 
appropriate physical condition. On the other hand, the absolute survival gain might not 
weigh up against morbidity after surgery in certain (older) patients. This implies that the 
decision to perform surgery should be tailored to individual cases and should be discussed 
in a multidisciplinary team including an experienced surgeon. An additional benefit in cases 
of hormonal overproduction is that surgery might help controlling hormonal excess 
(Fassnacht & Allolio 2009).  
Repeat surgery should be considered individually, results indicate that this could be 
beneficial with regard to survival, especially if the interval between the two operations is 
more than 6 months (Allolio & Fassnacht 2006; Veytsman et al. 2009). 

6.3 Mitotane 
Mitotane is the only adrenal-specific agent available for the treatment of ACC (Haak et al. 
1994). The exact mechanism of action is not known, but it is proposed and generally 
accepted that mitotane is metabolized in adrenal mitochondria and causes cytotoxicity by 
oxidative damage through the production of free radicals (Veytsman et al. 2009). Whatever 
the exact pathway may be, the main effect is focal degeneration of the fascicular and 
(particularly) the reticular zone, which clinically leads to adrenal insufficiency for which 
glucocorticoid substitution is needed. (Hahner & Fassnacht 2005). 
When describing results of mitotane, one should differentiate between antitumor- and 
antihormonal effects. Regarding antitumor activity, mitotane has been assessed in several 
clinical studies, with variable results. Most studies were retrospective and comprised only 
small numbers of patients. Results show that mitotane does have activity against ACC. 
Percentages vary, but most investigators report total or partial tumor responses in about 
25% to 30% of cases.  
Concerning hormone excess, therapy with mitotane is sufficient in the majority of patients. 
However, the onset of mitotane is slow due to its lipophilic properties and the resulting 
accumulation in adipose tissues. It can take up to three months before therapeutic levels are 
established, so in patients with severe hypercortisolism another agent must be used 
concurrently to treat this condition while mitotane levels are being built up. The 
recommended treatment in this situation would be ketoconazol, which is generally well 
tolerated. Other options, dependent on the case at hand, could be etomidate, mifeprestone 
or metyrapone (Igaz et al. 2008; Veytsman et al. 2009). 
Mitotane treatment with a plasma concentration >14mg/L is associated with prolonged 
survival (Haak et al. 1994). Adverse effects occur in over 80% of patients and involve mainly 
the gastro-intestinal tract: anorexia, nausea, vomiting and diarrhea are frequently observed 
(Hahner & Fassnacht 2005).  Reported symptoms caused by effects on the central nervous 
system are ataxia, speed disturbances, confusion and somnolence. Typically, all adverse 
effects are reversible after mitotane withdrawal (Lanser et al. 1992). 
It is important to bear in mind that mitotane not only has adrenolytic effects, impairing 
adrenal steroidogenesis and thus inducing a need for replacement hydrocortisone, but also 
stimulates peripheral cortisol metabolism, so that hydrocortisone should be administered in 
higher doses. A second issue in managing patients on mitotane is monitoring thyroid 

Adrenal Incidentaloma and Adrenocortical Carcinoma:  
A Clinical Guideline on Treating the Unexpected and a Plea for Specialized Care 

 

305 

hormone and thyroid stimulating hormone levels, as mitotane can decrease thyroid 
hormone as well.  A third and possibly favorable interaction is the supposedly increased 
efficacy of cytotoxic chemotherapy when combined with mitotane. However, evidence on 
this topic is not conclusive. The proposed mechanism for this synergistic effect is the 
possible negative effect of mitotane on multidrug resistance proteins, as investigated in 
vitro, which could decrease the resistance of adrenocortical cancer cells to cytotoxic agents 
(Hahner & Fassnacht 2005; Igaz et al. 2008). 
Given the rarity of the indication and use of mitotane, it is recommended to leave treatment 
with mitotane to experienced doctors who are familiar with possible adverse events and are 
able to manage them. 

6.4 Cytotoxic chemotherapy 
Regarding cytotoxic chemotherapy, several combinations of agents have been tried so far. 
The highest response rates have been found in a trial with a treatment regimen combining 
mitotane with etoposide, doxorubicine and cisplatin (response rate 49%) and another trial 
with a treatment regimen combining mitotane and streptozotocine (response rate 36%) 
(Berruti et al. 2005), (Khan et al. 2000). Recently, these two regimens were compared in the 
First International Trial in Locally Advanced and Metastatic Adrenocortical Cancer (FIRM-
ACT). Results of this trial are expected in 2011. 

6.5 Radiation therapy 
Whether there is a place for radiation therapy in the treatment of adrenocortical carcinoma, 
is not yet clear according to the literature. Some authors claim to have accomplished 
favorable results, like prevention of local recurrence and adequate pain relief in metastatic 
disease, whereas toxicity was low (Fassnacht et al. 2006; Polat et al. 2009; Hermsen et al. 
2010).  
Other investigators recommend a more conservative approach, seeing that re-operations 
in a post-radiation tumor bed would be more difficult and that the favorable results are 
not all too convincing, given the retrospective character of research so far (Veytsman et al. 
2009). One could argue that radiation therapy can be of use in a palliative setting, 
especially in alleviating pain or neurologic complaints caused by metastatic disease in 
bone or brain and that a prospective trial is needed to determine the efficacy in an 
adjuvant setting. 

6.6 Future therapeutic agents 
The insulin-like growth factor receptor (IGF-R) in adrenocortical carcinoma is regarded as a 
possible target for treatment. Both antibody and tyrosine kinase inhibitor trials targeted 
against IGF-R are in progress. A trial using sunitinib as therapeutic agent produced 
disappointing results, but a better understanding of the metabolic complexity of the disease 
might lead to better trials in the future. Other areas of interest are VEGFR inhibitors and 
FGFR inhibitors, but these have not been translated into clinical trials yet.  

7. Limitations 
Due to limited evidence and guidelines, there are still multiple unresolved issues 
regarding management of incidentalomas, mainly concerning the duration of follow-up. 
The most important health risk in patients with an incidentaloma is related to several 



  
Contemporary Aspects of Endocrinology 

 

306 

characteristics of the adrenal mass associated with a malignant mass or 
pheochromocytoma (Kievit & Haak 2000). The rate of growth of a benign adrenal lesion 
remains unclear. Besides this, the percentage of patients that will develop hormonal 
overproduction when initial analysis was negative is uncertain as well. Furthermore, 
there is some concern regarding the side effects of repeated CT imaging. One report 
estimated the risk of fatal cancer due to exposure to ionising radiation during CT-imaging 
to be one in 430-2170 (Androulakis et al. 2011). This is comparable to the chance of 
developing an adrenocortical carcinoma during 3-year follow-up of an incidentaloma. 
Additionally, a long follow-up period with repeated extensive hormonal work-up and 
radiological imaging is associated with high costs. Since the frequency of discovered 
adrenal incidentalomas is expected to increase and the use of abdominal imaging is also 
increasing, the cost-effectiveness of repeated hormonal work-up and imaging becomes an 
important issue in health care. However, in practice, choices of follow-up or treatment are 
also based on psychological or social mechanisms, such as anxiety, doubt and risk 
aversion as well as cost-effectiveness. To elucidate these uncertainties prospective trials 
are warranted to evaluate the optimal diagnostic approach and management of an 
incidentaloma and provide an answer for unresolved questions.  

8. Organization of care 
The rarity of a number of adrenal disorders, such as ACC or pheochromocytoma, and the 
dismal prognosis associated with an adrenal malignancy, requires a multidisciplinary 
approach of each patient. In the event of an ACC, physicians often are not familiar with the 
disorder and its few available treatment options, resulting in inferior patient care. Given that 
a large part of diagnostics and management is based on pragmatism and expert opinion 
instead of prospective trials, additional studies concerning treatment and follow-up of 
adrenal tumors are necessary. In order to improve care in patients with adrenal disorders 
and stimulate scientific research, national and international collaboration is vital. In a 
number of European countries (France, Germany, Italy, The Netherlands), national 
networks have been set up to coordinate adrenal diseases-research and - patient care. 
(Koschker et al. 2006; van Ditzhuijsen et al. 2007)  
In the southern region of The Netherlands, our hospital acts as a tertiary referral center for 
patients with adrenal tumors. We have provided local hospitals with a guideline for 
diagnostics and patient referral similar to the procedure described in this chapter. The 
subsequent centralization of these patients facilitates reliable pre-operative diagnostics and 
specialized surgery, of which the importance cannot be overemphasized. Too many patients 
each year see their chance of survival be ruined because an adrenal malignancy is not 
recognized before, during or even after surgery. Irradical resection and/or rupture of the 
tumor capsule in adrenocortical carcinoma is fatal without exception, but can often be 
prevented if treated by experienced doctors.  
Therefore, we strongly support initiatives of centralization being deployed in other regions 
and countries, as the beneficial effects of specialization have been proven multiple times in 
other rare diseases (Sosa et al. 1998; Kumar et al. 2001). Centralization and multidisciplinary 
approach is associated with more complete resections, improved survival and enhanced 
patient care. A secondary benefit is the facilitation of scientific research and participation in 
clinical trials in centralized populations of patients with a rare disease. 
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9. Conclusion 
Due to the increasing discovery of adrenal incidentalomas, the diagnostic work-up as well 
as the management of incidentalomas is a growing public health challenge. Hormonal 
functionality and malignant potential of the lesion need to be evaluated. Incidentalomas are 
mostly benign nonhypersecretory adrenal adenomas, however important diagnoses to 
exclude are (subclinical) Cushing’s Syndrome, primary aldosteronism, sex hormone 
overproduction, pheochromocytoma or malignancy (e.g. adrenocortical carcinoma, 
metastasis). Surgical treatment is recommended in all patients with a hormonally active 
tumor or a tumor larger than 6 cm. Furthermore, surgery may be indicated in individual 
cases depending on radiological characteristics. In patients with nonfunctioning adrenal 
adenomas smaller than 4 cm follow-up with CT-scan after 6-12 months and annual 
hormonal work-up for 4 years is recommended. An adrenocortical carcinoma is rare, but 
often lethal. Surgery is the cornerstone of initial treatment, whereas drug therapy with 
mitotane is inevitable in advanced stages. It is recommended that patients with adrenal 
disorders are treated in a multidisciplinary setting by experienced physicians. Centralization 
of care is strongly encouraged in order to improve patient outcome and to stimulate 
research and trial participation. 
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1. Introduction 
The adrenal cortex tumors include both malignant adrenal cortex cancers (ACC) and benign 
masses (ACT) that can be either secreting, of one of the hormones normally produced in the 
adrenal cortex (Cushing’s syndrome if the hypersecretion is of cortisol or Conn’s syndrome 
if it is aldosterone) or non-secretory (Incidentalomas).  
The outer part of the adrenal glands, the adrenal cortex, is responsible for regulating important 
body functions including blood sugar levels, body water and salt levels, and consequently 
blood pressure and kidney functions, the immune system, the inflammatory response, the 
physiological response to stress, and, finally, sexual and reproductive functions.  
The three different parts of the adrenal cortex, zona glomerulosa, zona fasciculata and zona 
reticularis, are responsible for producing different hormones namely mineralocorticoids, 
glucocorticoids, and androgens (and eventually also estrogens). The glomerulosa secretes 
aldosterone, and gives rise to Primary Aldosteronism (PA)/Hyperaldosteronism that can 
result either from an adenoma (Conn’s syndrome) or from bilateral hyperplasia (BAH). The 
zona fasciculata secretes cortisol and adenomas that produce this hormone are associated to a 
distinct syndrome called Cushing’s syndrome. Finally the adrenal cortex reticularis zone is 
supposed to produce adrenal androgens (namely dehydroepiandrosterone – DHEA and 
dehydroepiandrosterone sulfate – DHEA-s) that can in turn be either converted into 
testosterone or aromatized to estrogen in peripheral organs like the adipose tissue. In spite 
of the fact that normally this peripheral conversion is more important than the local 
production, there are adrenal cortex tumors that can produce testosterone directly, the 
Androgen-secreting tumors as well as adrenocortical carcinomas expressing aromatase and 
producing estrogens, the Estrogen-secreting tumors.  
The majority of adrenocortical tumors (ACT) are benign and silent (non-secreting adenomas 
or incidentalomas) since they do not ever result in hormone secretion. Its true incidence is 
still unknown because it is probable that many of these cases still go undiagnosed. 
However, it is estimated that they are present in at least 3% of the adult population 
(especially over 50 years of age) (National Institutes of Health, 2002; Grumbach et al., 2003). 
Most of these tumors are discovered incidentally due to the widespread availability of 
imaging studies for intra-abdominal diseases. This is the reason why they are designated as 
Incidentalomas.  
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In summary, only a minority of the adrenocortical benign tumors (about 15%) are hormone-
secreting adenomas, responsible for Cushing’s syndrome, primary aldosteronism (Conn’s 
syndrome) or even sometimes virilization. 
Adrenocortical carcinoma is a rare, highly malignant tumor usually associated with a poor 
prognosis which may occur either in children or adults. This is a malignancy with an 
heterogeneous presentation and despite probably still underestimated it has an expected 
incidence of about 1-2 cases per 1 million population per year (Wajchenberg et al., 2000; 
Dackiw et al., 2001; Kebebew et al., 2006). Although the adrenocortical carcinomas may 
occur and develop at any age, two different disease peaks were identified, one before the 
age of five and the other in the fifth decade of life (Wajchenberg et al., 2000; Ng & Libertino, 
2003).  

2. Adrenal cortex cancer 
The evaluation and categorization of adrenocortical neoplasms remain among the most 
challenging areas in adrenal pathology (Lau & Weiss, 2009), since the pathological diagnosis 
of ACC, which is based on gross and microscopic criteria, is still full of areas of subjectivity. 
Moreover, in the absence of the gold standards that constitute the appearance of metastases, 
local invasion or recurrence, the diagnosis of malignancy may represent a great difficulty for 
both clinicians and pathologists.  
Several multiparametric systems have been developed to assess this malignancy (Aubert, 
2005). Among them, the Weiss system (Weiss, 1984), first introduced 25 years ago, and 
based on nine microscopic criteria, appears to be the most employed scoring methodology, 
because of its simplicity and reliability.  
This system provides specific guidelines for differentiating adrenocortical adenoma from 
adrenocortical carcinoma and is considered the standard for determining malignancy in 
tumors of the adrenal cortex. However, considerable advances in the understanding of the 
pathology of adrenocortical neoplasias have occurred since delineation of the Weiss system, 
offering alternative approaches in the contemporary assessment of adrenocortical tumors 
(Lau & Weiss, 2009). In a recent study based on whole genome gene analysis the authors 
proposed a molecular assay for the classification and prognosis of adrenocortical tumors 
(Giordano et al., 2009). There were many genetic expression differences between ACC and 
ACT and normal adrenals. There were in fact 879 genes over expressed and 1011 under 
expressed in ACC that could differentiate ACC from ACT and normal adrenals. The most 
significant ones were related to cell proliferation, as would be expected. But the reality is 
that such systems are still very expensive and add very little to the diagnostic power of the 
morphological analyses. Therefore, in most adrenocortical tumors, the morphological 
approach considering the probability of malignancy in adrenal masses > 6 cm and that of 
being benign in tumors < 4 cm, together with the postoperative assessment by the Weiss 
system, brings sufficient elements to establish the differential diagnosis between a benign 
and a malignant tumor (Tissier, 2010). 
The Weiss system, which, as previously was said,  is currently the most popular scoring 
system, combines nine morphological parameters, of which three are structural ("dark" 
cytoplasm, diffuse architecture, necrosis), three are cytological (atypia, mitotic count, 
atypical mitotic figures) and three are related to invasion (of sinusoids, veins and tumor 
capsule) (Volante et al., 2008). The nine histological criteria are:  
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 High nuclear grade (grades 3 or 4) (High Nuclear/Cytoplasm ratio; marked 
variation of nuclear characteristics; giant cells with hyperchromatic nuclei; visible 
nucleoli) 
1. Small roundish nuclei; without nucleoli  
2. Larger nuclei, more irregular in shape and with visible nucleoli (at 400x 

magnification) 
3. Irregular nuclei, with larger size, with visible nucleoli (at 100x) 
4. enormous cells with polylobulated nuclei 

 Mitoses (>5 per 50 HPF vs. <6)  
 Abnormal mitoses (absent vs. present) 
 Clear cells (≤25% vs. >25%) 
 Diffuse architecture (>33% vs. ≤33% of the area) (cells unorganized in trabecular or 

alveolar structures) 
 Necrosis (present vs. absent) 
 Venous invasion (present vs. absent) 
 Sinusoidal invasion (present vs. absent) 
 Capsular invasion (present vs. absent) 

1. Nuclear grade: nuclear grade III and IV based on criteria of Fuhrman (Fuhrman et al., 1982). 
2. Mitotic rate: greater than 5/50 HPF (x400 objective). According to Weiss, "mitosis was evaluated 

by counting 10 random high-power-fields in the area of the greatest numbers of mitotic figures 
on the five slides with greatest number of mitoses. If less than five slides were available for a 
case, a correspondingly greater number of fields per slide were used to make fifty high power-
fields." 

3. Atypical mitotic figures: "mitosis was regarded as atypical when it definitely showed an abnormal 
distribution of chromosomes or an excessive number of mitotic spindles." 

4. Cytoplasm: presence of ≤25% "clear or vacuolated cells resembling the normal zona fasciculata." 
5.  Diffuse architecture: diffuse architecture was present "if greater than one-third of the tumor 

formed patternless sheets of cells." Trabecular, columnar, alveolar or nesting organizations were 
regarded as non-diffuse patterns. 

6. Necrosis: necrosis was "regarded as present when occurring in at least confluent nests of cells." 
7. Venous invasion: Weiss defined a vein as an "endothelial-lined vessel with smooth muscle as a 

component of the wall." 
8. Sinusoid invasion: a sinusoid was defined as "endothelial-lined vessel in the adrenal gland with 

little supportive tissues." Only sinusoids located within the tumor were considered. 
9. Invasion of tumor capsule: "invasion of the capsule was accepted as present when nests or cords of 

tumor extended into or through the capsule, with a corresponding stroma reaction." 
 
 
 
 
 

Fig. 1. Weiss classification 
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Tumors are classified as malignant when they meet 4 or more of these histological 
criteria. However, it must be stated that there are still some difficulties and subjectivity 
in the application of this system. Also, whether the presence of 3 criteria represents 
malignancy, is still controversial (Aubert et al., 2005). But, despite the referred limitations 
and subjectivity the Weiss classification is still the most reliable and most used criteria 
system. 
Other markers not included in the Weiss scores are now perfectly identified as being 
associated with the risk of recurrence and lower survival. Ki67 expression ≥ 10% for 
instance is associated with much less chances of survival at 5 years. The same can be said 
about a high expression of    SF-1. The immuno-histochemistry of these two factors is now 
routine in most pathology labs.  (Fassnacht et al., 2011; Sbiera et al., 2010; Terzolo et al., 
2001) 

2.1 Adrenal cortex cancer pathogenesis 
Molecular studies support the fact that uncontrolled cell proliferation is probably the 
most important factor in the development of cancers and ACC is no exception. ACC 
consist of monoclonal populations of cells (Beuschlein et al., 1994) while for instance 
adrenocortical macronodular hyperplasias are usually polyclonal. It is a basic rule that 
the mutations that give rise to cancer development are deletions of tumor suppressor 
genes or amplifications of oncogenes. The increase in cell proliferation induced by 
growth factors like the IGFs, bFGF or TGF β1 (Feige et al., 1991; Mesiano et al., 1991; 
Mesiano et al., 1993) leads to the development of polyclonal tumors but also renders the 
cells more susceptible to mutations in tumor suppressor genes or in oncogenes and if 
these mutations give those cells a genetic advantage, cancer development may ensue.  
Genomic instability is the basis of gross chromosomal alterations and aneuploidy 
(Giordano et al., 2009).  
Most cases of adrenocortical cancers appear to be sporadic and only a small percentage of 
patients present ACC as a component of one of the known hereditary cancer syndromes, 
such as the Li-Fraumeni’s syndrome, the Beckwith-Wiedemann syndrome or the Multiple 
Endocrine Neoplasia type 1 (Koch et al., 2002; Sidhu et al., 2004; Libé & Bertherat, 2005; 
Kjellman et al., 1999; Schulte et al., 2000; Heppner et al., 1999).  
One important difference between these two forms of adrenocortical carcinomas (either 
sporadic or part of an hereditary syndrome) is the current degree of knowledge about its 
tumorigenesis (Soon et al., 2008).  For sporadic adrenocortical malignant tumors the 
molecular mechanisms underlying its development are still far from completely understood 
(Sidhu et al, 2002). One hypothesis refers the possible evolution of adrenocortical cancers 
from adrenal adenomas (Bernard et al., 2003); however long-term follow-up data of 
incidentally discovered adrenal neoplasms do not support that hypothesis (Barzon et al., 
2003; Bernini et al., 2005).  
The study and investigation of the pathophysiology of ACC is not only crucial for the 
understanding of these malignant tumors but also for the development of more sensitive 
means of diagnosis and better ways of treatment. And despite the fact that knowledge of 
these tumors has greatly evolved in the last decades, the understanding of the genes and 
pathways underlying the development of adrenal cortex cancers has been slow. Many genes 
and pathways are thought to play an important role in their development but frequently 
their biological plausibility is still missing.  
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Hereditary tumor 
syndrome Gene (locus) Prevalence of ACT 

Li-Fraumeni syndrome 
(LFS) 

TP53 (17p13), HIC-1 (17p13), 
hCHK2 (22q12.1) ACC 3%-4% 

Beckwith-Wiedemann 
syndrome  
(BWS) 

IGF-II, H19, CDKN1C (p57kip2), 
KCNQ1 (11p15) ACC 5% 

Multiple Endocrine 
Neoplasia 1  
(MEN-1) 

Menin gene (11q13) ACT 25-50%; 
ACC rare 

Congenital Adrenal 
Hyperplasia  
(CAH) 

Mostly CYP21B (6p21.3) 
ACT in up to 82%; 
ACC (rare) vs Hyperplasia 
(usual) 

 In LFS there is a germline mutation of the tumor suppressor gene TP53 in more than 70% of the 
families. Tumors associated with this syndrome include breast carcinoma; soft tissue sarcoma; 
brain tumors; osteosarcoma; leukemia and ACC. Mutations in Checkpoint Kinase 2 gene (hCHK2) 
encoding a kinase that phosphorylates TP53 were identified in some of these tumors but not in 
ACC (Libé & Bertherat, 2005).  

 In BWS there is, on the contrary, deregulation of the imprinted IGF-II locus at 11p15. The IGF-II 
gene is maternally imprinted and so it’s expressed only from the paternal allele. H19 and 
p57kip2 are paternally imprinted. In cases of paternal isodisomy, IGF-II is over-expressed and 
H19 and p57kip2 are under-expressed! BWS is a syndrome of “overgrowth” that includes many 
tumors like the renal’ Wilms tumor, ACC, neuroblastoma and hepatoblastoma (Libé & 
Bertherat, 2005).   

 In MEN-1 the germline mutation is in the Menin gene (90% of the families). This gene is also a 
tumor suppressor gene and it is located in chromosome 11 (11q13). LOH at 11q13 exist in more 
than 90% of ACC (Kjellman et al., 1999; Schulte et al., 2000; Heppner et al., 1999) 

Adapted from Soon P. et al., (2008). Molecular markers and the pathogenesis of adrenocortical cancer. 
The Oncologist 13: 548-561 

Table 1. Hereditary tumor syndromes, responsible genes and associated ACT prevalence 

In sporadic ACC it has been reported that hyper-expression of the insulin-like growth factor 
II (IGF-II) is observed in the vast majority of cases (Boulle et al., 1998; Gicquel et al., 1994; 
Gicquel et al., 1997; Gicquel et al., 2001; Ilvesmaki et al., 1993).  Together with the increase of 
this growth factor there is also an increased expression of its receptor (IGF-IR) in most ACC 
(Weber et al., 1997). The over-expression of IGF-II is probably related to adrenal cancer cell 
proliferation, through the IGF-I receptor (Fottner et al., 2001 and Logié et al., 1999).  
The IGF-II overexpression is the result of changes at the 11p15 locus (Gicquel et al., 1994; 
Gicquel et al., 1997). LOH at 11p15 is much more frequent in ACC (78,5%)  than in ACT 
(9,5%) (Gicquel et al., 2001). It is associated with a higher risk of tumor recurrence, and 
correlates with Weiss score. Thus, according to Gicquel and colleagues, 11p15 alterations 
could be used as a biological marker for confirming ACC malignancy after surgical removal 
of the tumor (Gicquel et al., 2001). 



  
Contemporary Aspects of Endocrinology 

 

314 

Tumors are classified as malignant when they meet 4 or more of these histological 
criteria. However, it must be stated that there are still some difficulties and subjectivity 
in the application of this system. Also, whether the presence of 3 criteria represents 
malignancy, is still controversial (Aubert et al., 2005). But, despite the referred limitations 
and subjectivity the Weiss classification is still the most reliable and most used criteria 
system. 
Other markers not included in the Weiss scores are now perfectly identified as being 
associated with the risk of recurrence and lower survival. Ki67 expression ≥ 10% for 
instance is associated with much less chances of survival at 5 years. The same can be said 
about a high expression of    SF-1. The immuno-histochemistry of these two factors is now 
routine in most pathology labs.  (Fassnacht et al., 2011; Sbiera et al., 2010; Terzolo et al., 
2001) 

2.1 Adrenal cortex cancer pathogenesis 
Molecular studies support the fact that uncontrolled cell proliferation is probably the 
most important factor in the development of cancers and ACC is no exception. ACC 
consist of monoclonal populations of cells (Beuschlein et al., 1994) while for instance 
adrenocortical macronodular hyperplasias are usually polyclonal. It is a basic rule that 
the mutations that give rise to cancer development are deletions of tumor suppressor 
genes or amplifications of oncogenes. The increase in cell proliferation induced by 
growth factors like the IGFs, bFGF or TGF β1 (Feige et al., 1991; Mesiano et al., 1991; 
Mesiano et al., 1993) leads to the development of polyclonal tumors but also renders the 
cells more susceptible to mutations in tumor suppressor genes or in oncogenes and if 
these mutations give those cells a genetic advantage, cancer development may ensue.  
Genomic instability is the basis of gross chromosomal alterations and aneuploidy 
(Giordano et al., 2009).  
Most cases of adrenocortical cancers appear to be sporadic and only a small percentage of 
patients present ACC as a component of one of the known hereditary cancer syndromes, 
such as the Li-Fraumeni’s syndrome, the Beckwith-Wiedemann syndrome or the Multiple 
Endocrine Neoplasia type 1 (Koch et al., 2002; Sidhu et al., 2004; Libé & Bertherat, 2005; 
Kjellman et al., 1999; Schulte et al., 2000; Heppner et al., 1999).  
One important difference between these two forms of adrenocortical carcinomas (either 
sporadic or part of an hereditary syndrome) is the current degree of knowledge about its 
tumorigenesis (Soon et al., 2008).  For sporadic adrenocortical malignant tumors the 
molecular mechanisms underlying its development are still far from completely understood 
(Sidhu et al, 2002). One hypothesis refers the possible evolution of adrenocortical cancers 
from adrenal adenomas (Bernard et al., 2003); however long-term follow-up data of 
incidentally discovered adrenal neoplasms do not support that hypothesis (Barzon et al., 
2003; Bernini et al., 2005).  
The study and investigation of the pathophysiology of ACC is not only crucial for the 
understanding of these malignant tumors but also for the development of more sensitive 
means of diagnosis and better ways of treatment. And despite the fact that knowledge of 
these tumors has greatly evolved in the last decades, the understanding of the genes and 
pathways underlying the development of adrenal cortex cancers has been slow. Many genes 
and pathways are thought to play an important role in their development but frequently 
their biological plausibility is still missing.  

 
Adrenal Cortex Tumors and Hyperplasias 

 

315 

Hereditary tumor 
syndrome Gene (locus) Prevalence of ACT 

Li-Fraumeni syndrome 
(LFS) 

TP53 (17p13), HIC-1 (17p13), 
hCHK2 (22q12.1) ACC 3%-4% 

Beckwith-Wiedemann 
syndrome  
(BWS) 

IGF-II, H19, CDKN1C (p57kip2), 
KCNQ1 (11p15) ACC 5% 

Multiple Endocrine 
Neoplasia 1  
(MEN-1) 

Menin gene (11q13) ACT 25-50%; 
ACC rare 

Congenital Adrenal 
Hyperplasia  
(CAH) 

Mostly CYP21B (6p21.3) 
ACT in up to 82%; 
ACC (rare) vs Hyperplasia 
(usual) 

 In LFS there is a germline mutation of the tumor suppressor gene TP53 in more than 70% of the 
families. Tumors associated with this syndrome include breast carcinoma; soft tissue sarcoma; 
brain tumors; osteosarcoma; leukemia and ACC. Mutations in Checkpoint Kinase 2 gene (hCHK2) 
encoding a kinase that phosphorylates TP53 were identified in some of these tumors but not in 
ACC (Libé & Bertherat, 2005).  

 In BWS there is, on the contrary, deregulation of the imprinted IGF-II locus at 11p15. The IGF-II 
gene is maternally imprinted and so it’s expressed only from the paternal allele. H19 and 
p57kip2 are paternally imprinted. In cases of paternal isodisomy, IGF-II is over-expressed and 
H19 and p57kip2 are under-expressed! BWS is a syndrome of “overgrowth” that includes many 
tumors like the renal’ Wilms tumor, ACC, neuroblastoma and hepatoblastoma (Libé & 
Bertherat, 2005).   

 In MEN-1 the germline mutation is in the Menin gene (90% of the families). This gene is also a 
tumor suppressor gene and it is located in chromosome 11 (11q13). LOH at 11q13 exist in more 
than 90% of ACC (Kjellman et al., 1999; Schulte et al., 2000; Heppner et al., 1999) 

Adapted from Soon P. et al., (2008). Molecular markers and the pathogenesis of adrenocortical cancer. 
The Oncologist 13: 548-561 

Table 1. Hereditary tumor syndromes, responsible genes and associated ACT prevalence 

In sporadic ACC it has been reported that hyper-expression of the insulin-like growth factor 
II (IGF-II) is observed in the vast majority of cases (Boulle et al., 1998; Gicquel et al., 1994; 
Gicquel et al., 1997; Gicquel et al., 2001; Ilvesmaki et al., 1993).  Together with the increase of 
this growth factor there is also an increased expression of its receptor (IGF-IR) in most ACC 
(Weber et al., 1997). The over-expression of IGF-II is probably related to adrenal cancer cell 
proliferation, through the IGF-I receptor (Fottner et al., 2001 and Logié et al., 1999).  
The IGF-II overexpression is the result of changes at the 11p15 locus (Gicquel et al., 1994; 
Gicquel et al., 1997). LOH at 11p15 is much more frequent in ACC (78,5%)  than in ACT 
(9,5%) (Gicquel et al., 2001). It is associated with a higher risk of tumor recurrence, and 
correlates with Weiss score. Thus, according to Gicquel and colleagues, 11p15 alterations 
could be used as a biological marker for confirming ACC malignancy after surgical removal 
of the tumor (Gicquel et al., 2001). 



  
Contemporary Aspects of Endocrinology 

 

316 

The 11p15 region is organized in a telomeric domain containing the IGF-II gene and H19 
and a centromeric domain including the CDKN1C (p57kip2) (DeChiara et al., 1991; Hao et 
al., 1993; Lee et al., 1995; Matsuoka et al., 1995). Genetic and epigenetic changes in the 
imprinted 11p15 region resulting in low p57kip2 and H19 and elevated IGF2 mRNA 
expression levels have been reported in sporadic ACCs (Gicquel et al., 1994; Gicquel et al., 
1997). The IGF-II system, in the adrenal gland, is responsible for growth-promoting and 
differentiating functions during the fetal period (Mesiano et al., 1993), but its role has 
been largely documented in adrenocortical malignant tumors, also in adult patients 
(Gicquel et al., 2001). In fact, several studies have been successful in showing the strong 
overexpression of IGF-II in malignant adrenocortical tumors (in approximately 90%of the 
cases) (Boulle et al., 1998; Gicquel et al., 1994; Gicquel et al., 1997; Gicquel et al., 2001; 
Ilvesmaki et al., 1993a).  
Inactivating mutations of the TP53 gene located at the 17p13 locus are another genetic 
alteration that is frequently encountered in ACC. TP53 is one of the most relevant tumor 
suppressor genes, frequently mutated in human cancers. The TP53 mutations are 
thought to happen late in the evolution of sporadic malignant adrenocortical tumors. 
Mutations in the exons 5-8 are found more frequently in ACC than in ACT (Hollstein et 
al., 1991; Reincke et al., 1994). The germline mutations in TP53 have been observed in 50-
80% of children diagnosed with sporadic ACC (Libé & Bertherat, 2005; Wagner et al., 
1994; Varley et al., 1999). In southern Brazil where the prevalence of ACC in children is 
10 times greater than in the rest of the world, there is a particular mutation at exon 10 of 
TP53 (Arginine 337 Histidine) in most of the cases (Ribeiro et al., 2001; Latronico et al., 
2001).  
Considering TP 53 gene mutations in sporadic ACC in adults, its frequency has been 
reported in different proportions in diverse studies ranging from 25% to 70%. (Ohgaki et al., 
1993; Reincke et al., 1994; Barzon et al., 2001; Lin et al., 1994) Loss of Heterozigoty (LOH) at 
17p13 was reported in 95% of ACC and only in 30% of ACT (Gicquel et al., 2001) and 
therefore this can also be used as a marker of malignancy.  
Other reported molecular studies have suggested that genetic alterations of the Wnt 
signaling pathway may also be associated with the development of adrenocortical 
tumors. In fact the activation of the Wnt signaling pathway is the most prevalent defect 
in adrenocortical tumorigenesis particularly due to the fact that it is not only present in 
malignant lesions but in benign adrenocortical adenomas as well (Tissier et al., 2005). 
The Wnt family includes a group of growth factors involved in developmental and 
homeostatic processes. Some regulatory genes in this pathway (including the down 
regulators of β-catenin, GSK3, Axin and APC, and β-catenin itself) can be mutated in 
primary human cancers (Polakis et al., 2000). In all of them the common denominator is 
the activation of gene transcription by β-catenin (via the transcription factors TCF and 
LEF).  
β-catenin has a dual function in the cell: cell-adhesion (conjugated with E-cadherin) and 
transcriptional regulation. When the regulators of β-catenin are down-regulated the 
transcriptional function is increased and the adhesion is reduced and both of these 
alterations lead to the progression of malignancies (Brembeck et al., 2006). 
Genetic alterations in the Wnt pathway conducting to β-catenin accumulation in the 
cytoplasm have been correlated with the pathogenesis of different types of cancer 
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(Gordon & Nusse, 2006). Curiously, in adrenocortical tumors, the accumulation of β-
catenin has been found in both benign and malignant situations although with a slightly 
higher prevalence in adrenal cortex cancer (Tissier et al., 2005). It is a fact that β-catenin 
mutations are the most frequent genetic defects reported in adrenocortical adenomas and 
in these benign ACT it is mostly the non-secretory adenomas that have these mutations 
(Tissier et al., 2005). According to that study, abnormal cytoplasmic and/or nuclear 
accumulation of β-catenin was found in 38% of the adrenocortical adenomas (ACA) and 
in 77% of the ACC, but mutations in the β-catenin gene were found with similar 
frequencies of in both ACA and ACC (27% vs. 31%) (Tissier et al., 2005).  These somewhat 
opposite results suggest that other components of the Wnt signaling pathway, such as the 
adenomatous polyposis coli (APC) or axin, may be contributing to the pathogenesis of 
ACC (Tissier et al., 2005).   

2.2 Adrenal cortex cancer – Diagnosis and clinical presentation 
Adrenocortical tumors can be classified as functional, when their hormonal secretions 
result in clinical consequences, or nonfunctional tumors, when they do not secrete 
hormones in a sufficient level to produce clinical consequences. About 50 to 60% of the 
adrenocortical carcinomas are functional, therefore, associated with hormonal secretion 
(Ng & Libertino, 2003; Allolio & Fassnacht, 2006). The most frequent presentation among 
adults is the Cushing’s syndrome alone (45%) or the association of Cushing’s syndrome 
with a virilization syndrome, with over-production of both glucocorticoids and 
androgens (25%) (Ng & Libertino, 2003; Wajchenberg et al., 2000). Other forms of 
functional tumors include the virilization syndrome alone and the feminization 
syndrome. Thus, signs and symptoms of adrenocortical tumors may vary significantly 
according to their origin and depending on the type of hormones that are released. 
Cortisol excess can be associated to symptoms such as centripetal obesity, protein 
wasting with skin thinning and striae, muscle atrophy (myopathy), osteoporosis, 
psychiatric disturbances, impaired defense against infections, diabetes, hypertension and 
gonadal dysfunction in men and women. In the case of aggressive malignant ACC 
weight loss may be observed.  Androgen over-secretion is associated with various 
manifestations in women like hirsutism, menstrual abnormalities, infertility and 
eventually virilization, while excess of estrogen, although not so common, can present as 
gynecomastia in men. It is most important to characterize the adrenocortical carcinoma’s 
secretory profile in order to establish its origin and better guide its treatment and follow-
up (Libé et al., 2007). 
Due to the elevated possibility of non-specific symptoms, both symptomatic and 
apparently asymptomatic patients should be evaluated. 
According to the European Network for the Study of Adrenal Tumors (ENSAT), both 
should be studied with the following laboratory tests to determine the secretory activity of 
the tumor (Fassnacht & Allolio, 2009):  
 fasting blood glucose and HbA1c; 
 serum potassium;  
 adrenal androgens (DHEA-s, androstenedione, testosterone, 17-OH progesterone); 
 serum estradiol in men and postmenopausal women; 
 cortisol and adrenocorticotropic hormone (ACTH) both fasting and around midnight 

(in the serum or in the saliva);  
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The 11p15 region is organized in a telomeric domain containing the IGF-II gene and H19 
and a centromeric domain including the CDKN1C (p57kip2) (DeChiara et al., 1991; Hao et 
al., 1993; Lee et al., 1995; Matsuoka et al., 1995). Genetic and epigenetic changes in the 
imprinted 11p15 region resulting in low p57kip2 and H19 and elevated IGF2 mRNA 
expression levels have been reported in sporadic ACCs (Gicquel et al., 1994; Gicquel et al., 
1997). The IGF-II system, in the adrenal gland, is responsible for growth-promoting and 
differentiating functions during the fetal period (Mesiano et al., 1993), but its role has 
been largely documented in adrenocortical malignant tumors, also in adult patients 
(Gicquel et al., 2001). In fact, several studies have been successful in showing the strong 
overexpression of IGF-II in malignant adrenocortical tumors (in approximately 90%of the 
cases) (Boulle et al., 1998; Gicquel et al., 1994; Gicquel et al., 1997; Gicquel et al., 2001; 
Ilvesmaki et al., 1993a).  
Inactivating mutations of the TP53 gene located at the 17p13 locus are another genetic 
alteration that is frequently encountered in ACC. TP53 is one of the most relevant tumor 
suppressor genes, frequently mutated in human cancers. The TP53 mutations are 
thought to happen late in the evolution of sporadic malignant adrenocortical tumors. 
Mutations in the exons 5-8 are found more frequently in ACC than in ACT (Hollstein et 
al., 1991; Reincke et al., 1994). The germline mutations in TP53 have been observed in 50-
80% of children diagnosed with sporadic ACC (Libé & Bertherat, 2005; Wagner et al., 
1994; Varley et al., 1999). In southern Brazil where the prevalence of ACC in children is 
10 times greater than in the rest of the world, there is a particular mutation at exon 10 of 
TP53 (Arginine 337 Histidine) in most of the cases (Ribeiro et al., 2001; Latronico et al., 
2001).  
Considering TP 53 gene mutations in sporadic ACC in adults, its frequency has been 
reported in different proportions in diverse studies ranging from 25% to 70%. (Ohgaki et al., 
1993; Reincke et al., 1994; Barzon et al., 2001; Lin et al., 1994) Loss of Heterozigoty (LOH) at 
17p13 was reported in 95% of ACC and only in 30% of ACT (Gicquel et al., 2001) and 
therefore this can also be used as a marker of malignancy.  
Other reported molecular studies have suggested that genetic alterations of the Wnt 
signaling pathway may also be associated with the development of adrenocortical 
tumors. In fact the activation of the Wnt signaling pathway is the most prevalent defect 
in adrenocortical tumorigenesis particularly due to the fact that it is not only present in 
malignant lesions but in benign adrenocortical adenomas as well (Tissier et al., 2005). 
The Wnt family includes a group of growth factors involved in developmental and 
homeostatic processes. Some regulatory genes in this pathway (including the down 
regulators of β-catenin, GSK3, Axin and APC, and β-catenin itself) can be mutated in 
primary human cancers (Polakis et al., 2000). In all of them the common denominator is 
the activation of gene transcription by β-catenin (via the transcription factors TCF and 
LEF).  
β-catenin has a dual function in the cell: cell-adhesion (conjugated with E-cadherin) and 
transcriptional regulation. When the regulators of β-catenin are down-regulated the 
transcriptional function is increased and the adhesion is reduced and both of these 
alterations lead to the progression of malignancies (Brembeck et al., 2006). 
Genetic alterations in the Wnt pathway conducting to β-catenin accumulation in the 
cytoplasm have been correlated with the pathogenesis of different types of cancer 
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(Gordon & Nusse, 2006). Curiously, in adrenocortical tumors, the accumulation of β-
catenin has been found in both benign and malignant situations although with a slightly 
higher prevalence in adrenal cortex cancer (Tissier et al., 2005). It is a fact that β-catenin 
mutations are the most frequent genetic defects reported in adrenocortical adenomas and 
in these benign ACT it is mostly the non-secretory adenomas that have these mutations 
(Tissier et al., 2005). According to that study, abnormal cytoplasmic and/or nuclear 
accumulation of β-catenin was found in 38% of the adrenocortical adenomas (ACA) and 
in 77% of the ACC, but mutations in the β-catenin gene were found with similar 
frequencies of in both ACA and ACC (27% vs. 31%) (Tissier et al., 2005).  These somewhat 
opposite results suggest that other components of the Wnt signaling pathway, such as the 
adenomatous polyposis coli (APC) or axin, may be contributing to the pathogenesis of 
ACC (Tissier et al., 2005).   

2.2 Adrenal cortex cancer – Diagnosis and clinical presentation 
Adrenocortical tumors can be classified as functional, when their hormonal secretions 
result in clinical consequences, or nonfunctional tumors, when they do not secrete 
hormones in a sufficient level to produce clinical consequences. About 50 to 60% of the 
adrenocortical carcinomas are functional, therefore, associated with hormonal secretion 
(Ng & Libertino, 2003; Allolio & Fassnacht, 2006). The most frequent presentation among 
adults is the Cushing’s syndrome alone (45%) or the association of Cushing’s syndrome 
with a virilization syndrome, with over-production of both glucocorticoids and 
androgens (25%) (Ng & Libertino, 2003; Wajchenberg et al., 2000). Other forms of 
functional tumors include the virilization syndrome alone and the feminization 
syndrome. Thus, signs and symptoms of adrenocortical tumors may vary significantly 
according to their origin and depending on the type of hormones that are released. 
Cortisol excess can be associated to symptoms such as centripetal obesity, protein 
wasting with skin thinning and striae, muscle atrophy (myopathy), osteoporosis, 
psychiatric disturbances, impaired defense against infections, diabetes, hypertension and 
gonadal dysfunction in men and women. In the case of aggressive malignant ACC 
weight loss may be observed.  Androgen over-secretion is associated with various 
manifestations in women like hirsutism, menstrual abnormalities, infertility and 
eventually virilization, while excess of estrogen, although not so common, can present as 
gynecomastia in men. It is most important to characterize the adrenocortical carcinoma’s 
secretory profile in order to establish its origin and better guide its treatment and follow-
up (Libé et al., 2007). 
Due to the elevated possibility of non-specific symptoms, both symptomatic and 
apparently asymptomatic patients should be evaluated. 
According to the European Network for the Study of Adrenal Tumors (ENSAT), both 
should be studied with the following laboratory tests to determine the secretory activity of 
the tumor (Fassnacht & Allolio, 2009):  
 fasting blood glucose and HbA1c; 
 serum potassium;  
 adrenal androgens (DHEA-s, androstenedione, testosterone, 17-OH progesterone); 
 serum estradiol in men and postmenopausal women; 
 cortisol and adrenocorticotropic hormone (ACTH) both fasting and around midnight 

(in the serum or in the saliva);  
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 fasting serum cortisol at 8 AM following a 1 mg dose of dexamethasone on the previous 
day at bedtime; 

 24-hour urinary free cortisol. 
After careful hormonal assessment, imaging studies, by means of computerized tomography 
(CT), magnetic resonance imaging (MRI) or 18 F-fluorodeoxyglucose positron emission 
tomography (FDG-PET), are the next essential exams both to localize and delimitate the 
tumor and to distinguish benign adenomas from adrenocortical carcinomas (Boland et al., 
1998; Hamrahian et al., 2005; Szolaret al., 2005; Caoili et al., 2002; Groussin et al., 2009; Minn 
et al., 2004; Metser et al., 2006 Wajchenberg et al., 2000). Despite sometimes being considered 
a controversial position, several studies have shown that the size and the appearance of the 
tumor remains one of the best indicators of malignancy (most molecular studies add only a 
little to the accuracy of malignancy identification by the mere determination of tumor size). 
In a study from the National Italian Study Group on Adrenal Tumors including 887 patients 
with adrenal incidentalomas, adrenocortical carcinomas were significantly associated with 
mass size, with 90% being more than 4 cm in diameter when discovered (Angeli et al., 1997). 
According, to a study by Sturgeon and colleagues at the University of California (San 
Francisco)  including 457 ACC cases, a size of  ≥4 cm makes the likelihood of malignancy 
double (to 10%) while in tumors ≥8 cm it gets more than ninefold higher (47%) (Sturgeon et 
al., 2006).  
However, because of the growing evidence of adrenocortical cancers diagnosed with a 
diameter between 4 and 6 cm (Sturgeon et al., 2006; Grumbach et al., 2003; Herrera et al., 
1991; Mantero et al., 2000) and since it seems evident that during their early stages of 
development, carcinomas have to be small, it becomes clear that surgical intervention would 
be most beneficial the smaller and more localized the tumor would be.  
Overall, prognosis does improve for patients with smaller adrenocortical tumors at the 
time of diagnosis. In a retrospective review of 62 ACC cases (Henley et al., 1983) patients 
with stages I to III lesions who underwent curative resections had significantly longer 
survival rates. In another study done by Fassnacht and colleagues, the five year  
survival significantly improved (82% vs 18%) for patients with smaller tumors (stages I 
and II, confined to the adrenal gland) vs. metastatic disease, stage IV (Fassnacht et al., 
2009).  
As general rules, one could say that the prognosis is better in the case of young children, 
in smaller and localized tumors specially if nonfunctioning and in which a complete 
resection can be achieved. 
Despite the importance of evaluating an adrenal mass size and appearance, this should 
not be the only parameter guiding diagnosis and posterior treatment, since radiographic 
features are often of strong predictive value (Dunnick et al., 1996). MRI and CT images 
may in fact be useful in helping to define what will be the histological type of the adrenal 
tumor: 
On unenhanced CT scanning, the measurements of Hounsfield units (HU) are of great 
value in differentiating malignant from benign adrenocortical tumors. The Hounsfield 
scale is a semi-quantitative method of measuring x-ray attenuation. Despite the fact that 
around 30% of adenomas do not contain large amounts of lipid, being indistinguishable 
from non-adenomas, adrenal masses with < 10 HU on unenhanced CT are almost 
certainly benign tumors (Grumbach et al., 2003). Therefore, this seems to be the consensus 
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cut-off for distinguishing adrenocortical carcinomas from benign adrenal tumors, 
according to several studies (Boland et al., 1998; Hamrahian et al., 2005). However, in 
those cases of benign tumors with poor intracytoplasmatic lipid concentration a better 
discrimination can be obtained by searching for a delayed contrast clearance in contrast-
enhanced CT. In this case, tumors measuring > 10HU in a unenhanced CT,  that show a 
contrast  washout of less than 50% after 10- to 15-min of contrast-enhanced CT and also a 
delayed attenuation of more than 35HU, are suspicious for malignancy (Szolar et al., 2005; 
Caoili et al., 2002). 
The use of MRI for differentiating benign and malignant adrenocortical tumors is equally 
effective to CT scan. But since MRI is more expensive and less standardized, CT scan 
remains the primary adrenal imaging procedure, 
The utilization of the PET scanning with fluorodeoxyglucose (FDG) has been successful in 
identifying unilateral adrenal tumors with higher suspicion for malignancy, due to the 
greater reported uptake of FDG by malignant tumors compared to the benign adrenocortical 
tumors (Groussin et al., 2009; Maurea et al. 2001; Minn et al., 2004). The use of integrated 
PET-CT can further improve the capacity to distinguish between malignant and benign 
tumors by increasing the quality of the image. This improvement is also due to the 
combination of CT attenuation measurements with the intensity of FDG uptake, as 
described by the standardized uptake value (SUV) for the adrenal lesion (Metser et al., 2006; 
Caoili et al., 2007).  
In what concerns fine-needle aspiration biopsy (FNA) one must stress that usually it is 
not successful in distinguishing between malignant and benign tumors and there are 
doubts about the risk of disseminating a carcinoma through the abdominal cavity; it can 
however be of some utility in differentiating an adrenal tumor from a metastasis to the 
adrenal and in evaluating staging for a known cancer (Jhala et al., 2004; Kocijancic et al., 
2004). 

2.3 Adrenal cortex cancer staging 
The first staging system published by the World Health Organization (WHO) dates from 
in 2004 (DeLellis, 2004), and was based on different staging systems, such as the Sullivan 
modification of the Macfarlane system (Sullivan, 1978). The AJCC (American Joint 
Committee on Cancer)/UICC (International Union Against Cancer) developed a TNM 
staging system with the same definitions for the first time in 2009, being published on 
the AJCC/UICC Cancer Staging Manual, Seventh Edition. A simplified classification 
system was recently proposed by the European network ENSAT in which stage III 
includes cases with lymph nodes metastasis, infiltration of surrounding tissues and 
venous tumor thrombosis and stage IV only cases with distant metastases (Fassnacht et 
al., 2009).  
Tumor clinical staging is most dependent of clinical examination and radiographic imaging 
in order to evaluate the size of the primary tumor and the extent of local and distant disease. 
Since disease-free and overall survival rates seem to be strongly related with tumor staging, 
resection of the primary tumor and examination of local extension of the disease and 
regional lymph nodes involvement should be performed for a better pathologic tumor 
staging.  
The following table describes the AJCC/UICC anatomic stages and prognostic groups: 
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day at bedtime; 
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tomography (FDG-PET), are the next essential exams both to localize and delimitate the 
tumor and to distinguish benign adenomas from adrenocortical carcinomas (Boland et al., 
1998; Hamrahian et al., 2005; Szolaret al., 2005; Caoili et al., 2002; Groussin et al., 2009; Minn 
et al., 2004; Metser et al., 2006 Wajchenberg et al., 2000). Despite sometimes being considered 
a controversial position, several studies have shown that the size and the appearance of the 
tumor remains one of the best indicators of malignancy (most molecular studies add only a 
little to the accuracy of malignancy identification by the mere determination of tumor size). 
In a study from the National Italian Study Group on Adrenal Tumors including 887 patients 
with adrenal incidentalomas, adrenocortical carcinomas were significantly associated with 
mass size, with 90% being more than 4 cm in diameter when discovered (Angeli et al., 1997). 
According, to a study by Sturgeon and colleagues at the University of California (San 
Francisco)  including 457 ACC cases, a size of  ≥4 cm makes the likelihood of malignancy 
double (to 10%) while in tumors ≥8 cm it gets more than ninefold higher (47%) (Sturgeon et 
al., 2006).  
However, because of the growing evidence of adrenocortical cancers diagnosed with a 
diameter between 4 and 6 cm (Sturgeon et al., 2006; Grumbach et al., 2003; Herrera et al., 
1991; Mantero et al., 2000) and since it seems evident that during their early stages of 
development, carcinomas have to be small, it becomes clear that surgical intervention would 
be most beneficial the smaller and more localized the tumor would be.  
Overall, prognosis does improve for patients with smaller adrenocortical tumors at the 
time of diagnosis. In a retrospective review of 62 ACC cases (Henley et al., 1983) patients 
with stages I to III lesions who underwent curative resections had significantly longer 
survival rates. In another study done by Fassnacht and colleagues, the five year  
survival significantly improved (82% vs 18%) for patients with smaller tumors (stages I 
and II, confined to the adrenal gland) vs. metastatic disease, stage IV (Fassnacht et al., 
2009).  
As general rules, one could say that the prognosis is better in the case of young children, 
in smaller and localized tumors specially if nonfunctioning and in which a complete 
resection can be achieved. 
Despite the importance of evaluating an adrenal mass size and appearance, this should 
not be the only parameter guiding diagnosis and posterior treatment, since radiographic 
features are often of strong predictive value (Dunnick et al., 1996). MRI and CT images 
may in fact be useful in helping to define what will be the histological type of the adrenal 
tumor: 
On unenhanced CT scanning, the measurements of Hounsfield units (HU) are of great 
value in differentiating malignant from benign adrenocortical tumors. The Hounsfield 
scale is a semi-quantitative method of measuring x-ray attenuation. Despite the fact that 
around 30% of adenomas do not contain large amounts of lipid, being indistinguishable 
from non-adenomas, adrenal masses with < 10 HU on unenhanced CT are almost 
certainly benign tumors (Grumbach et al., 2003). Therefore, this seems to be the consensus 
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cut-off for distinguishing adrenocortical carcinomas from benign adrenal tumors, 
according to several studies (Boland et al., 1998; Hamrahian et al., 2005). However, in 
those cases of benign tumors with poor intracytoplasmatic lipid concentration a better 
discrimination can be obtained by searching for a delayed contrast clearance in contrast-
enhanced CT. In this case, tumors measuring > 10HU in a unenhanced CT,  that show a 
contrast  washout of less than 50% after 10- to 15-min of contrast-enhanced CT and also a 
delayed attenuation of more than 35HU, are suspicious for malignancy (Szolar et al., 2005; 
Caoili et al., 2002). 
The use of MRI for differentiating benign and malignant adrenocortical tumors is equally 
effective to CT scan. But since MRI is more expensive and less standardized, CT scan 
remains the primary adrenal imaging procedure, 
The utilization of the PET scanning with fluorodeoxyglucose (FDG) has been successful in 
identifying unilateral adrenal tumors with higher suspicion for malignancy, due to the 
greater reported uptake of FDG by malignant tumors compared to the benign adrenocortical 
tumors (Groussin et al., 2009; Maurea et al. 2001; Minn et al., 2004). The use of integrated 
PET-CT can further improve the capacity to distinguish between malignant and benign 
tumors by increasing the quality of the image. This improvement is also due to the 
combination of CT attenuation measurements with the intensity of FDG uptake, as 
described by the standardized uptake value (SUV) for the adrenal lesion (Metser et al., 2006; 
Caoili et al., 2007).  
In what concerns fine-needle aspiration biopsy (FNA) one must stress that usually it is 
not successful in distinguishing between malignant and benign tumors and there are 
doubts about the risk of disseminating a carcinoma through the abdominal cavity; it can 
however be of some utility in differentiating an adrenal tumor from a metastasis to the 
adrenal and in evaluating staging for a known cancer (Jhala et al., 2004; Kocijancic et al., 
2004). 

2.3 Adrenal cortex cancer staging 
The first staging system published by the World Health Organization (WHO) dates from 
in 2004 (DeLellis, 2004), and was based on different staging systems, such as the Sullivan 
modification of the Macfarlane system (Sullivan, 1978). The AJCC (American Joint 
Committee on Cancer)/UICC (International Union Against Cancer) developed a TNM 
staging system with the same definitions for the first time in 2009, being published on 
the AJCC/UICC Cancer Staging Manual, Seventh Edition. A simplified classification 
system was recently proposed by the European network ENSAT in which stage III 
includes cases with lymph nodes metastasis, infiltration of surrounding tissues and 
venous tumor thrombosis and stage IV only cases with distant metastases (Fassnacht et 
al., 2009).  
Tumor clinical staging is most dependent of clinical examination and radiographic imaging 
in order to evaluate the size of the primary tumor and the extent of local and distant disease. 
Since disease-free and overall survival rates seem to be strongly related with tumor staging, 
resection of the primary tumor and examination of local extension of the disease and 
regional lymph nodes involvement should be performed for a better pathologic tumor 
staging.  
The following table describes the AJCC/UICC anatomic stages and prognostic groups: 
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Stage T N M Description 

Stage I T1 N0 M0 Tumor 5 cm or less in greatest dimension, no 
extra-adrenal invasion. 

Stage II T2 N0 M0 Tumor greater than 5 cm, no extra-adrenal 
invasion. 

Stage III 

T1 N1 M0 
Tumor 5 cm or less in greatest dimension, no 
extra-adrenal invasion but with metastasis in 
regional lymph node(s). 

T2 N1 M0 
Tumor greater than 5 cm, no extra-adrenal 
invasion but with metastasis in regional 
lymph node(s). 

T3 N0 M0 Tumor of any size with local invasion, but 
not invading adjacent organs*. 

Stage IV 

T3 N1 M0 
Tumor of any size with local invasion, but 
not invading adjacent organs* plus 
metastasis in regional lymph node(s). 

T4 N0 M0 Tumor of any size with invasion of adjacent 
organs*. 

T4 N1 M0 Tumor of any size with invasion of adjacent 
organs* plus metastasis in regional lymph node(s). 

Any T Any N M1 
Tumor of any size and with or without 
invasion of adjacent organs and lymph 
nodes, but with distant metastases. 

Adapted from  Edge, SB., Byrd, DR., Compton, CC., Fritz, AG., Greene, FL., Trotti, A. (Eds.). (2010). 
AJCC Cancer Staging Manual, 7th Ed. Springer, Chicago. 
*Adjacent organs include kidney, diaphragm, great vessels, pancreas, spleen and liver. 

Table 2. AJCC/UICC anatomic stages and prognostic groups 

2.4 Adrenal cortex cancer treatment  
For being a very rare and aggressive carcinoma the prognosis for patients with adrenocortical 
cancer is poor, also due to usually not being diagnosed in the early stages of the disease (Ng & 
Libertino, 2003; Harrison et al., 1999). Its rarity is one of the main reasons for the lack of robust 
clinical studies on the most efficacious treatments (Decker et al., 1991; Bukowski et al., 1993; 
Khan et al., 2000). Several studies and clinical trials, however, have shown that this trend in 
prognosis is changing and in fact patients with this type of carcinoma are living longer as 
progresses are being made in its treatment (Berruti et al., 2005; Adam et al., 2006; Allolio et al., 
2004; Terzolo et al., 2007; van Ditzhuijsen et al, 2007; Fassnacht et al., 2011). 
Currently, the only potentially curative treatment for adrenal cortex carcinomas is total 
resection of the tumor at the time of initial evaluation (Allolio et al., 2006; Dackiw et al., 
2001). However, in a study of Haak and colleagues with 96 patients, the overall five-year 
survival rate after total resection was only 49% (Haak et al., 1994). This happens probably 
due to the presence of hidden micrometastases that will only become apparent some months 
to years later (Allolio & Fassnacht, 2006; Stojadinovic et al., 2002). In fact, many patients may 
develop distant metastases two or more years after the diagnosis date (Abiven et al., 2006).  
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Therefore, surgery in these patients must be as extensive as possible, with lymphadenectomy 
associated. One should be very careful to avoid capsular damage and the spill of malignant 
cells that may result in the development of metastasis (Terzolo et al., 2007; van Ditzhuijsen et 
al., 2007).  Nowadays, open adrenalectomy is the most consensual operation type, since 
laparoscopy is associated with greater risk of malignant cells spread and therefore higher risk 
of recurrence or dissemination (Schteingart et al., 2005; Gonzalez et al., 2005; Cobb et al., 2005).  
Studies have also shown that whenever total resection is not possible, maximal debulking is 
associated with a decrease in excess of hormone production and with better overall survival 
when compared with non-surgical treatments (Ng & Libertino, 2003; Luton, et al., 1990).  
Whenever surgery is not feasible or is unable to completely remove the tumor, mitotane 
(Lysodren), an adrenocorticolytic drug, was shown to be effective, either as a primary 
therapy or as an adjuvant therapy (Henley et al., 1983; Dackiw et al., 2001; Berruti et al., 
2005; Terzolo et al., 2007; Luton et al 1990; Hahner & Fassnacht, 2005). Mitotane has a 
specific effect on adrenal cells resulting in their lysis (Hahner & Fassnacht, 2005).  
As a primary treatment for unresectable tumors, mitotane is especially beneficial in 
improvement of symptoms associated with hypercortisolism. However this benefit tends to 
last for short periods of time, and is associated to inconsistent survival rates (Henley et al., 
1983; Baudin et al., 2001).  
In what concerns the adjuvant use of mitotane therapy, its benefits have been questioned 
mainly due to the lack of data from controlled clinical trials and even from large prospective 
studies with consistent assessments of dosing and tumor variability (Kendrick et al., 2001; 
Kopf et al., 2001). Despite the lack of robust data, several retrospective analyses have reported 
higher recurrence-free survival when compared to control groups and tumor regression rates 
of around 30% also being associated with a better control of hormone excess (Allolio & 
Fassnacht, 2006; Terzolo et al., 2007). Treatment with mitotane has especially good results in 
patients previously submitted to tumor resection, who begun therapy right after surgery and 
who are submitted to regular monitoring of mitotane plasma levels (Daffara et al., 2008).  
When considering recurrent or advanced adrenocortical cancer, aggressive resection of local 
or distant disease is still considered to be an effective therapy method capable of increasing 
overall survival (Schteingart et al., 1982; Meyer et al., 2004). However, in these cases the use 
of cytotoxic drugs such as mitotane alone or in combination with other chemotherapeutic 
agents has to be utilized (Allolio & Fassnacht, 2006).  
Mitotane is recommended even in patients with unresectable advanced disease, since 
several studies have reported the effectiveness of this drug in producing objective 
improvements in the majority of treated patients, despite its low impact on survival. 
Moreover, it has been demonstrated that cytotoxic activity of chemotherapeutic agents is 
increased when combined with mitotane in human adrenal carcinoma cells in vitro 
(Bukowski et al., 1993; Abraham et al., 2002). Despite the modest results found in the few 
prospective trials published until now, the combination of mitotane with different 
chemotherapeutic regimens resulted in overall response rates varying between 14 to 49% 
(Berruti et al., 2005; Khan et al., 2000; Abraham et al., 2002; Bonacci et al., 1998).  
Other regimens of chemotherapy without mitotane have been also evaluated in a few 
clinical trials but showed modest response rates, revealing the need for the development of 
more and better drugs and well-designed prospective trials (Schlumberger et al., 1988; 
Quinkler et al., 2008; Khan et al., 2004).  
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Stage T N M Description 

Stage I T1 N0 M0 Tumor 5 cm or less in greatest dimension, no 
extra-adrenal invasion. 

Stage II T2 N0 M0 Tumor greater than 5 cm, no extra-adrenal 
invasion. 

Stage III 

T1 N1 M0 
Tumor 5 cm or less in greatest dimension, no 
extra-adrenal invasion but with metastasis in 
regional lymph node(s). 

T2 N1 M0 
Tumor greater than 5 cm, no extra-adrenal 
invasion but with metastasis in regional 
lymph node(s). 

T3 N0 M0 Tumor of any size with local invasion, but 
not invading adjacent organs*. 

Stage IV 

T3 N1 M0 
Tumor of any size with local invasion, but 
not invading adjacent organs* plus 
metastasis in regional lymph node(s). 

T4 N0 M0 Tumor of any size with invasion of adjacent 
organs*. 

T4 N1 M0 Tumor of any size with invasion of adjacent 
organs* plus metastasis in regional lymph node(s). 

Any T Any N M1 
Tumor of any size and with or without 
invasion of adjacent organs and lymph 
nodes, but with distant metastases. 

Adapted from  Edge, SB., Byrd, DR., Compton, CC., Fritz, AG., Greene, FL., Trotti, A. (Eds.). (2010). 
AJCC Cancer Staging Manual, 7th Ed. Springer, Chicago. 
*Adjacent organs include kidney, diaphragm, great vessels, pancreas, spleen and liver. 

Table 2. AJCC/UICC anatomic stages and prognostic groups 
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Therefore, surgery in these patients must be as extensive as possible, with lymphadenectomy 
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of around 30% also being associated with a better control of hormone excess (Allolio & 
Fassnacht, 2006; Terzolo et al., 2007). Treatment with mitotane has especially good results in 
patients previously submitted to tumor resection, who begun therapy right after surgery and 
who are submitted to regular monitoring of mitotane plasma levels (Daffara et al., 2008).  
When considering recurrent or advanced adrenocortical cancer, aggressive resection of local 
or distant disease is still considered to be an effective therapy method capable of increasing 
overall survival (Schteingart et al., 1982; Meyer et al., 2004). However, in these cases the use 
of cytotoxic drugs such as mitotane alone or in combination with other chemotherapeutic 
agents has to be utilized (Allolio & Fassnacht, 2006).  
Mitotane is recommended even in patients with unresectable advanced disease, since 
several studies have reported the effectiveness of this drug in producing objective 
improvements in the majority of treated patients, despite its low impact on survival. 
Moreover, it has been demonstrated that cytotoxic activity of chemotherapeutic agents is 
increased when combined with mitotane in human adrenal carcinoma cells in vitro 
(Bukowski et al., 1993; Abraham et al., 2002). Despite the modest results found in the few 
prospective trials published until now, the combination of mitotane with different 
chemotherapeutic regimens resulted in overall response rates varying between 14 to 49% 
(Berruti et al., 2005; Khan et al., 2000; Abraham et al., 2002; Bonacci et al., 1998).  
Other regimens of chemotherapy without mitotane have been also evaluated in a few 
clinical trials but showed modest response rates, revealing the need for the development of 
more and better drugs and well-designed prospective trials (Schlumberger et al., 1988; 
Quinkler et al., 2008; Khan et al., 2004).  
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One must be conscious that progresses in this cancer treatment are limited and slow. More 
clinical trials and large prospective studies are necessary to better support physicians’ 
choices of treatment. An example of those trials was the recently concluded “First 
International Randomized trial in locally advanced and Metastatic Adrenocortical 
Carcinoma Treatment” (FIRM-ACT), an international clinical study comparing the efficacy 
of etoposide, doxorubicin and cisplatin (EDP) plus mitotane versus streptozotocin plus 
mitotane in patients with metastatic adrenocortical cancer. This sufficiently large 
prospective study gave support to the use of the first therapeutic combination 
(EDP+mitotane) in these conditions (Fassnacht et al., 2011).  
The use of radiation therapy or radiofrequency ablation are the least studied hypothesis. 
They are mainly beneficial in patients with unresectable local tumors with local symptoms 
or symptomatic metastasis (Schteingart et al., 2005; Polat et al., 2009; Magee et al., 1987). 
Their impact in patients’ survival is still unknown and needs further investigation (Wood et 
al., 2003; Mayo-Smith et al., 2004). 
In the future one may expect that the understanding of the specific molecular alterations in 
these malignant cells can identify suitable therapeutical targets that may significantly 
improve the prognosis for these patients.  

3. Primary hyperaldosteronism/Conn’s syndrome 
The synthesis of aldosterone by the adrenal glands occurs in the zona glomerulosa. The major 
conditions for the production of this hormone such as the low concentration of 17-alpha-
hydroxylase and the ability to add an hydroxyl group at the 18-carbon position and its 
subsequent oxidation to an aldehyde, only occur in the zona glomerulosa and this processing 
is mediated by a single multifunctional cytochrome P450 - CYP11B2 or Aldo Synthase 
(White et al., 1987; White, 1994; Ulick et al., 1992; Holland & Carr, 1993). 
The aldosterone-producing adenoma was first described by Conn in 1954 (Conn, 1955; 
Young, 2007a), who also established for the first time the relationship between adrenal 
aldosterone-producing tumors, hypertension, and hypokalemia (Gittler & Fajans, 1995). In 
addition to the aldosterone-producing adenoma (APA), other subtypes of primary 
aldosteronism (PA) have been described over the subsequent four decades (Conn, 1955; 
Conn, 1964; Gitler & Fajans, 1995; Young, 2007a; Stowasser, 2009). The most common is the 
bilateral idiopathic hyperaldosteronism (IHA) which represent approximately 70% of all PA 
cases (while APA, approximately 30%). Other forms include unilateral hyperplasia or 
primary adrenal hyperplasia (caused by hyperplasia of the zona glomerulosa of only one 
adrenal gland), familial hyperaldosteronism type I (glucocorticoid-remediable 
aldosteronism - GRA) caused by the existence of an hybrid gene composed of the CYP11B1 
promoter and CYP11B2 gene in which aldosterone is produced in response to ACTH and 
hence responds to glucocorticoid mediated suppression of ACTH, familial 
hyperaldosteronism type II (the familial occurrence of aldosterone-producing adenoma or 
bilateral idiopathic hyperplasia or both), and also the familial or sporadic occurrence of APA 
due to a mutation in the gene of the K+ channel (KCNJ5) (Choi et al., 2011).  
Finally, in spite of being very rare, pure aldosterone-producing adrenocortical carcinomas 
and ectopic aldosterone-secreting tumors (e.g. neoplasms in the ovary or kidney) may also 
occur. 
The screening of PA is done by the demonstration of an elevated aldosterone level (> 15 
ng/dl) together with the suppression of Plasma Renin Activity (PRA), translated in an 
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increased Aldosterone (in ng/dl)/PRA (in ng/ml/h) ratio above 20 or 40 (accordingly to the 
desired sensitivity).  
Then a confirmatory test is needed and this can be done by one of the following tests:  
 fludrocortisone suppression test 
 oral salt load  
 saline infusion test  
 Captopril test 
Since these tumors are generally very small, CT scan has a low sensitivity to localize them, 
and the fact that in people above 40 to 50 years of age, the prevalence of incidentalomas is 
high makes its specificity also decrease. Therefore the gold standard for a correct diagnosis 
of APA is Adrenal Venous Sampling in spite of the fact that it is an invasive method with a 
good success rate only in the hands of experienced radiologists. 
During the past two decades it has become increasingly recognized that primary 
aldosteronism is much more common than previously thought. It is currently acknowledged 
that primary aldosteronism accounts for up to 5–10% of hypertensive patients, correlating 
with the severity of hypertension and going up to 20% in cases of resistant hypertension (i.e 
one that does not respond to 3-drug-regimen).  
The clinical features of PA are mostly determined by the renal actions of aldosterone. Its 
diagnosis is more frequently made in patients who are in the third to sixth decades of life, 
with resistant hypertension, accompanied by marked hypokalemia, possibly muscle 
weakness and cramping, headaches, palpitations, polydipsia, polyuria, nocturia, or a 
combination of these. There is, however, generally a characteristic lack of edema!  
Hypokalemia, once the most important “screening” method for PA is observed less and less 
frequently both due to the sodium restriction that most doctors recommend to their patients 
with high blood pressure and also to the higher prevalence of BAH vs APA observed in the 
more recent series. 
Patients’ elevated blood pressure is a major clinical finding in PA (Mattsson & Young, 2006; 
Young, 2007a). However, PA is rarely associated with malignant hypertension (Zarifis et al., 
1996). In a study of Blumenfeld and colleagues, the mean blood pressure was 184/112 
mmHg in patients with an adrenal adenoma and 161/105 mmHg in patients diagnosed with 
bilateral hyperplasia (Blumenfeld et al., 1994). One important and special feature associated 
with PA hypertension is the failure to achieve the goal blood pressure (BP) despite a 
complete adherence to a multi-drug regimen of treatment.  
It was also clearly demonstrated that aldosterone excess has direct adverse cardiovascular 
consequences that go well beyond the risks associated with this type of hypertension 
(Stowasser, 2009). Aldosterone is responsible for the development of myocardial fibrosis 
aggravating the prognosis post myocardial infarct (MI) and in congestive heart failure (CHF).  
Cardiovascular risk factors seem to be more severe with PA, since when matched for age, 
blood pressure and the duration of hypertension, these patients have greater left ventricular 
mass measurements when compared to patients with other types of hypertension, including 
essential hypertension, pheochromocytoma, and Cushing's syndrome (Milliez et al., 2005; 
Tanabe et al., 1997). Also, in a case–control study of 124 patients with PA and 465 patients 
with essential hypertension, matched for age, sex, and systolic and diastolic blood pressure, 
it was found that patients presenting with either APA or bilateral hyperplasia had a 
significantly higher rate of cardiovascular events (e.g. stroke, atrial fibrillation and 
myocardial infarction) than the matched essential hypertension patients (Milliez et al., 2005). 
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and the fact that in people above 40 to 50 years of age, the prevalence of incidentalomas is 
high makes its specificity also decrease. Therefore the gold standard for a correct diagnosis 
of APA is Adrenal Venous Sampling in spite of the fact that it is an invasive method with a 
good success rate only in the hands of experienced radiologists. 
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that primary aldosteronism accounts for up to 5–10% of hypertensive patients, correlating 
with the severity of hypertension and going up to 20% in cases of resistant hypertension (i.e 
one that does not respond to 3-drug-regimen).  
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Furthermore, some particular renal effects may be also experienced by PA patients, 
independently of their systemic hypertension. Several reports have shown that glomerular 
filtration rate (GFR) and urinary albumin excretion may be increased in these patients; 
however these changes appear to be largely reversible after appropriate treatment.  
Adrenalectomy increased the serum creatinine and decreased the mean GFR. Treatment 
with spironolactone resulted in a similar decline in GFR. Thus, surgical cure or 
mineralocorticoid receptor blockade reverse the hyperfiltration state and unmask the 
underlying renal insufficiency (Stowasser, 2009). 
One final point to be stressed in relation to PA is that generally APA should be treated 
surgically while bilateral adrenal hyperplasias are better treated medically with 
mineralocorticoid inhibition by means of spironolactone, eplerenone or amiloride. 
Nevertheless, even APAs, specially the small ones, may also be treated appropriately with 
these drugs and hence, the choice should always be given to the patients. 

4. Androgen-secreting adrenal cortex tumors 
Androgen-secreting adrenal cortex tumors are rare tumors, accounting for only 0.2% of the 
causes of androgen excess (Azziz et al., 2004; Carmina et al., 2006). Androgen over-secretion 
results in the development of androgenic features in affected women, with the development 
of hirsutism, androgenic alopecia, acne, ovulatory dysfunction, and, if the oversecretion is 
extreme or prolonged, even virilization may ensue (Wajchenberg et al., 2000; Azziz et al., 
2004).   
Despite the fact that benign androgen-secreting adrenal tumors have been described, the 
finding of androgen secretion by an ACT is considered to be highly suggestive of 
malignancy. The presence of a virilizing adrenocortical carcinoma can be suggested by very 
high testosterone levels and the failure of androgen suppression in response to 
glucocorticoid administration (Kaltsas et al., 2003; Waggoner et al., 1999; Derksen et al., 
1994). In a report of 21 women with androgen-secreting tumors, serum testosterone levels 
were 2.6-fold higher in the women with malignant tumors (n=10) than in women with 
benign tumors (n=11) (Moreno et al., 2004).  
Benign cortisol-secreting adenomas can also produce small amounts of androgens, but the 
serum androgen levels are usually not elevated (Kamenicky et al., 2007).  
Considering its elevated probability of malignancy it is of great importance to identify 
patients with this type of rare carcinomas among women with androgen excess, due to 
its life-threatening potential (Wajchenberg et al., 2000). Despite several authors having 
considered that a clinical presentation with rapidly progressive virilization was 
sufficient to identify patients requiring a more extensive investigation (Kettel, 1989), it is 
consensual that some androgen-secreting adrenocortical tumors may produce only 
moderate levels of androgens and have a rather indolent presentation (Rosenfield , 2005; 
Kaltsas et al., 2003).  
It should also be noticed that androgen-secreting tumors in men same as estrogen secreting 
tumors in women, may not result in clinically significant syndromes, and both can be 
erroneously considered as non-functioning, delaying their treatment. If one doesn’t apply an 
extensive analytical protocol to nonfunctioning adrenocortical tumors, only the 
development of mass effects or the occurrence of metastases would lead to their recognition 
as malignant. 
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5. Estrogen-secreting adrenal cortex tumors 
Estrogen-secreting adrenal cortex tumors correspond to a very rare type of tumors 
characterized by the over-production of estrogens (estrone or estradiol). The over- secretion 
of these hormones may cause precocious puberty with very early menarche in girls and 
more often sex-reversal characteristics in men (feminizing symptoms) (Advani et al., 2010). 
The feminizing symptoms, such as the characteristic gynecomastia, are associated with the 
expression of the cytochrome P450 aromatase (aromatase) in adrenocortical cells. Normally, 
aromatase catalyses the conversion of C19 steroids into estrogens in tissues such as the 
ovarian follicles’ granulosa layer and the adipose tissue, whereas normal adrenal tissues 
have no detectable aromatase activity (Watanabe & Nakajin, 2004).  

6. Cushing’s syndrome 
The Cushing’s syndrome was first described by Harvey Cushing in 1932, and can be caused 
by several mechanisms associated with increased levels of cortisol in the blood. The 
diagnosis of Cushing’s syndrome is determined through biochemical tests, since the 
presence of suggestive symptoms and signs are not enough to sustain it. In fact none of its 
symptoms is pathognomonic and most of them are non-specific such as obesity, 
hypertension and increased cardiovascular risk, menstrual irregularity and infertility, 
osteoporosis and glucose intolerance. It can also cause some form of psychological distress, 
going from impaired quality of life to depression and even psychosis. It should always be 
borne in mind, however, that if left untreated, Cushing’s syndrome has a 5 fold excess 
mortality.  
The high levels of cortisol in the blood can be caused not only by adrenocortical tumors but 
also by adrenocorticotropic hormone (ACTH) or  corticotropin-releasing hormone (CRH) 
hyperproduction, as well as by the excessive intake of glucocorticoid drugs. This is even one 
of the most frequent causes of Cushing’s syndrome (Iatrogenic Cushing’s). In the study of a 
Cushing’s syndrome case these situations need to be excluded (Weber SL., 1997; Hughes et 
al., 1996; Quddusi et al., 1998). Moreover, special attention is also required for other 
disorders causing hypercortisolism-related symptoms and sometimes also exhibiting mild 
to moderate elevations of plasma cortisol, known as pseudo-Cushing’s syndrome. The 
pseudo-Cushing’s syndromes may include: 
 Patients who are physically stressed (e.g. severe bacterial infections) (Liddle , 1960); 
 Patients with severe obesity, especially visceral obesity or polycystic ovary syndrome 

(Liddle, 1960); 
 Patients with psychological stress (major depressive disorder and severe melancholic 

syndromes) (Gold et al ., 1986); 
 Rarely, also patients with chronic alcoholism (Kirkman & Nelson, 1988). 
The difficulties normally met in Cushing’s syndrome diagnostic process are well translated 
by the fact that patients normally express some signs and symptoms of the syndrome, 2 
years before a confirmation of diagnosis can be reached.  After raising the suspicion by the 
observation of a patient with central (truncal) obesity plus hypertension, in many cases 
accompanied by a typical cushingoid facies (round, plethoric face), the most specific signs 
are the presence of thin skin, easy bruising and proximal myopathy. However, to avoid 
mistakes in diagnosing Cushing’s syndrome due to all of the different conditions that might 
imitate its signs and symptoms, initial diagnostic tests for hypercortisolism must be highly 
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Furthermore, some particular renal effects may be also experienced by PA patients, 
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finding of androgen secretion by an ACT is considered to be highly suggestive of 
malignancy. The presence of a virilizing adrenocortical carcinoma can be suggested by very 
high testosterone levels and the failure of androgen suppression in response to 
glucocorticoid administration (Kaltsas et al., 2003; Waggoner et al., 1999; Derksen et al., 
1994). In a report of 21 women with androgen-secreting tumors, serum testosterone levels 
were 2.6-fold higher in the women with malignant tumors (n=10) than in women with 
benign tumors (n=11) (Moreno et al., 2004).  
Benign cortisol-secreting adenomas can also produce small amounts of androgens, but the 
serum androgen levels are usually not elevated (Kamenicky et al., 2007).  
Considering its elevated probability of malignancy it is of great importance to identify 
patients with this type of rare carcinomas among women with androgen excess, due to 
its life-threatening potential (Wajchenberg et al., 2000). Despite several authors having 
considered that a clinical presentation with rapidly progressive virilization was 
sufficient to identify patients requiring a more extensive investigation (Kettel, 1989), it is 
consensual that some androgen-secreting adrenocortical tumors may produce only 
moderate levels of androgens and have a rather indolent presentation (Rosenfield , 2005; 
Kaltsas et al., 2003).  
It should also be noticed that androgen-secreting tumors in men same as estrogen secreting 
tumors in women, may not result in clinically significant syndromes, and both can be 
erroneously considered as non-functioning, delaying their treatment. If one doesn’t apply an 
extensive analytical protocol to nonfunctioning adrenocortical tumors, only the 
development of mass effects or the occurrence of metastases would lead to their recognition 
as malignant. 
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5. Estrogen-secreting adrenal cortex tumors 
Estrogen-secreting adrenal cortex tumors correspond to a very rare type of tumors 
characterized by the over-production of estrogens (estrone or estradiol). The over- secretion 
of these hormones may cause precocious puberty with very early menarche in girls and 
more often sex-reversal characteristics in men (feminizing symptoms) (Advani et al., 2010). 
The feminizing symptoms, such as the characteristic gynecomastia, are associated with the 
expression of the cytochrome P450 aromatase (aromatase) in adrenocortical cells. Normally, 
aromatase catalyses the conversion of C19 steroids into estrogens in tissues such as the 
ovarian follicles’ granulosa layer and the adipose tissue, whereas normal adrenal tissues 
have no detectable aromatase activity (Watanabe & Nakajin, 2004).  

6. Cushing’s syndrome 
The Cushing’s syndrome was first described by Harvey Cushing in 1932, and can be caused 
by several mechanisms associated with increased levels of cortisol in the blood. The 
diagnosis of Cushing’s syndrome is determined through biochemical tests, since the 
presence of suggestive symptoms and signs are not enough to sustain it. In fact none of its 
symptoms is pathognomonic and most of them are non-specific such as obesity, 
hypertension and increased cardiovascular risk, menstrual irregularity and infertility, 
osteoporosis and glucose intolerance. It can also cause some form of psychological distress, 
going from impaired quality of life to depression and even psychosis. It should always be 
borne in mind, however, that if left untreated, Cushing’s syndrome has a 5 fold excess 
mortality.  
The high levels of cortisol in the blood can be caused not only by adrenocortical tumors but 
also by adrenocorticotropic hormone (ACTH) or  corticotropin-releasing hormone (CRH) 
hyperproduction, as well as by the excessive intake of glucocorticoid drugs. This is even one 
of the most frequent causes of Cushing’s syndrome (Iatrogenic Cushing’s). In the study of a 
Cushing’s syndrome case these situations need to be excluded (Weber SL., 1997; Hughes et 
al., 1996; Quddusi et al., 1998). Moreover, special attention is also required for other 
disorders causing hypercortisolism-related symptoms and sometimes also exhibiting mild 
to moderate elevations of plasma cortisol, known as pseudo-Cushing’s syndrome. The 
pseudo-Cushing’s syndromes may include: 
 Patients who are physically stressed (e.g. severe bacterial infections) (Liddle , 1960); 
 Patients with severe obesity, especially visceral obesity or polycystic ovary syndrome 

(Liddle, 1960); 
 Patients with psychological stress (major depressive disorder and severe melancholic 

syndromes) (Gold et al ., 1986); 
 Rarely, also patients with chronic alcoholism (Kirkman & Nelson, 1988). 
The difficulties normally met in Cushing’s syndrome diagnostic process are well translated 
by the fact that patients normally express some signs and symptoms of the syndrome, 2 
years before a confirmation of diagnosis can be reached.  After raising the suspicion by the 
observation of a patient with central (truncal) obesity plus hypertension, in many cases 
accompanied by a typical cushingoid facies (round, plethoric face), the most specific signs 
are the presence of thin skin, easy bruising and proximal myopathy. However, to avoid 
mistakes in diagnosing Cushing’s syndrome due to all of the different conditions that might 
imitate its signs and symptoms, initial diagnostic tests for hypercortisolism must be highly 
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sensitive. According to the evidence-based 2008 Endocrine Society Clinical Guidelines the 
first-line tests for this syndrome should be the late night salivary cortisol, the 24h urinary 
cortisol, or the low-dose dexamethasone suppression test (either the 1 mg, overnight or the 
2mg/day, 48h dexamethasone suppression tests). To establish the diagnosis of Cushing’s 
syndrome the following criteria should be met (Nieman et al., 2008): 
 At least two of the first-line tests must be abnormal and conservative criteria should be 

used to interpret it to maximize sensitivity; for instance, in a patient with a symptomatic 
Cushing’s syndrome, the cortisol cutoff level to be considered as un-suppressed after 
the Dexamethasone test should be >1.8  µg/dl (while in the case of incidentalomas 
studied to exclude subclinical Cushing’s syndrome, specificity should be the main 
criterion and so the cutoff level should be >5 µg /dl). 

 Urinary and salivary cortisol measurements should be obtained at least twice; 
 The urinary cortisol excretion should be unequivocally increased (threefold above the 

upper limit of normal for the assay), or the diagnosis of Cushing's syndrome is 
uncertain and other tests should be performed; 

 The patient should undergo additional evaluation if the test results are discordant or 
only slightly abnormal; 

 If test results are normal, the patient does not have Cushing's syndrome unless it is 
extremely mild or cyclic. Additional evaluations are not suggested unless symptoms 
progress or cyclic Cushing's syndrome is suspected. 

Cushing’s syndrome is rare (it has an incidence of  up to 3:1.000.000 persons per year) 
(Lindholm et al., 2001). It’s also an intriguing condition both because of its complex 
diagnostic protocol and the demand for a correct treatment to avoid its devastating 
complications that can even conduct to death if left untreated. After diagnosing the 
hypercortisolism, it is important to determine its cause (Table 3) to better chose the 
appropriate treatment. It is a disease whose patients should be sent to a major hospital 
where multidisciplinary and well experienced teams will be available. 
 

Diagnosis Percentage of Patients (%) 
ACTH-dependent Cushing's syndrome 

Cushing’s disease 68 
Ectopic ACTH syndrome 12 
Ectopic CRH syndrome < 1 

ACTH-independent Cushing’s syndrome 

Adrenal adenoma 10 
Adrenal carcinoma 8 
Micronodular hyperplasia 1 
Macronodular hyperplasia < 1 

Pseudo-Cushing’s syndrome 

Major depressive disorder 1 
Alcoholism < 1 

Table 3. Frequency of causes of Cushing’s syndrome 
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One of the most important, and therefore the initial, phase of determining Cushing’s 
syndrome’s etiology is to determine if the hypercortisolism is ACTH-dependent or ACTH 
independent. The ACTH-dependent hypercortisolism is normally due to a pituitary (or 
less frequently non-pituitary) ACTH secreting tumor, while ACTH-independent 
hypercortisolism is usually due to an adrenal tumor or hyperplasia. The preferred test is 
naturally the measurement of plasma ACTH. Usually a low plasma ACTH concentration 
of <5 pg/mL (1.1 pmol/L) in a hypercortisolemic patient is evidence of ACTH-
independent disease (Invitti et al., 1999), while if the plasma ACTH concentration is above 
15 pg/mL (3.3 pmol/L) it can be assumed that cortisol secretion is ACTH-dependent. 
Despite values between 5 and 15 pg/mL (1.1 to 3.3 pmol/L) being less definitive they 
normally indicate the hypercortisolism is ACTH-dependent. However, it is 
recommendable to perform a CRH stimulation test in these patients to confirm that 
hypothesis. 
In the presence of an ACTH-independent Cushing's syndrome, it is important to proceed 
with a thin-section CT imaging of the adrenal glands, to determine its cause. When CT 
imaging suggests a suspicious lesion (for instance with large size) further investigation will 
be required to distinguish between the malignant ACC and benign ACT. The presence of 
bilateral disease on the other hand implies the distinction between, for instance, a bilateral 
tumor and bilateral macronodular adrenal hyperplasia. 
 

 
Fig. 2. Cushing syndrome 

Unilateral adenomas causing Cushing’s syndrome should be surgically removed as they 
imply a very significant increase in morbidity and mortality, which is due to cardiovascular 
diseases or infections. 
For the great majority of ACTH-dependent Cushing’s syndrome patients, the cause of the 
hypercortisolism is a pituitary corticotroph adenoma (Cushing’s disease). Even so, 
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sensitive. According to the evidence-based 2008 Endocrine Society Clinical Guidelines the 
first-line tests for this syndrome should be the late night salivary cortisol, the 24h urinary 
cortisol, or the low-dose dexamethasone suppression test (either the 1 mg, overnight or the 
2mg/day, 48h dexamethasone suppression tests). To establish the diagnosis of Cushing’s 
syndrome the following criteria should be met (Nieman et al., 2008): 
 At least two of the first-line tests must be abnormal and conservative criteria should be 

used to interpret it to maximize sensitivity; for instance, in a patient with a symptomatic 
Cushing’s syndrome, the cortisol cutoff level to be considered as un-suppressed after 
the Dexamethasone test should be >1.8  µg/dl (while in the case of incidentalomas 
studied to exclude subclinical Cushing’s syndrome, specificity should be the main 
criterion and so the cutoff level should be >5 µg /dl). 

 Urinary and salivary cortisol measurements should be obtained at least twice; 
 The urinary cortisol excretion should be unequivocally increased (threefold above the 

upper limit of normal for the assay), or the diagnosis of Cushing's syndrome is 
uncertain and other tests should be performed; 

 The patient should undergo additional evaluation if the test results are discordant or 
only slightly abnormal; 

 If test results are normal, the patient does not have Cushing's syndrome unless it is 
extremely mild or cyclic. Additional evaluations are not suggested unless symptoms 
progress or cyclic Cushing's syndrome is suspected. 

Cushing’s syndrome is rare (it has an incidence of  up to 3:1.000.000 persons per year) 
(Lindholm et al., 2001). It’s also an intriguing condition both because of its complex 
diagnostic protocol and the demand for a correct treatment to avoid its devastating 
complications that can even conduct to death if left untreated. After diagnosing the 
hypercortisolism, it is important to determine its cause (Table 3) to better chose the 
appropriate treatment. It is a disease whose patients should be sent to a major hospital 
where multidisciplinary and well experienced teams will be available. 
 

Diagnosis Percentage of Patients (%) 
ACTH-dependent Cushing's syndrome 

Cushing’s disease 68 
Ectopic ACTH syndrome 12 
Ectopic CRH syndrome < 1 

ACTH-independent Cushing’s syndrome 

Adrenal adenoma 10 
Adrenal carcinoma 8 
Micronodular hyperplasia 1 
Macronodular hyperplasia < 1 

Pseudo-Cushing’s syndrome 

Major depressive disorder 1 
Alcoholism < 1 

Table 3. Frequency of causes of Cushing’s syndrome 
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One of the most important, and therefore the initial, phase of determining Cushing’s 
syndrome’s etiology is to determine if the hypercortisolism is ACTH-dependent or ACTH 
independent. The ACTH-dependent hypercortisolism is normally due to a pituitary (or 
less frequently non-pituitary) ACTH secreting tumor, while ACTH-independent 
hypercortisolism is usually due to an adrenal tumor or hyperplasia. The preferred test is 
naturally the measurement of plasma ACTH. Usually a low plasma ACTH concentration 
of <5 pg/mL (1.1 pmol/L) in a hypercortisolemic patient is evidence of ACTH-
independent disease (Invitti et al., 1999), while if the plasma ACTH concentration is above 
15 pg/mL (3.3 pmol/L) it can be assumed that cortisol secretion is ACTH-dependent. 
Despite values between 5 and 15 pg/mL (1.1 to 3.3 pmol/L) being less definitive they 
normally indicate the hypercortisolism is ACTH-dependent. However, it is 
recommendable to perform a CRH stimulation test in these patients to confirm that 
hypothesis. 
In the presence of an ACTH-independent Cushing's syndrome, it is important to proceed 
with a thin-section CT imaging of the adrenal glands, to determine its cause. When CT 
imaging suggests a suspicious lesion (for instance with large size) further investigation will 
be required to distinguish between the malignant ACC and benign ACT. The presence of 
bilateral disease on the other hand implies the distinction between, for instance, a bilateral 
tumor and bilateral macronodular adrenal hyperplasia. 
 

 
Fig. 2. Cushing syndrome 

Unilateral adenomas causing Cushing’s syndrome should be surgically removed as they 
imply a very significant increase in morbidity and mortality, which is due to cardiovascular 
diseases or infections. 
For the great majority of ACTH-dependent Cushing’s syndrome patients, the cause of the 
hypercortisolism is a pituitary corticotroph adenoma (Cushing’s disease). Even so, 
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patients with ACTH-dependent disease should undergo non-invasive tests such as the 
high-dose dexamethasone suppression test and the CRH stimulation test, to confirm the 
presence of Cushing’s disease. It is also important to exclude extrapituitary (ectopic) 
sources of ACTH. 

7. Subclinical Cushing’s syndrome 
The "subclinical" Cushing's syndrome (SCS) refers to autonomous cortisol production that is 
insufficient to generate the typical, clinically recognizable, combination of symptoms. The 
prevalence of overt Cushing’s syndrome caused by an adrenal adenoma in the general 
population is lower than the prevalence of subclinical Cushing’s syndrome in patients with 
clinically non-functioning adrenal adenoma (Ross, 1994).  
Patients with SCS have an adrenal mass usually detected incidentally (an incidentaloma) 
and normally do not show any of the clinical manifestation of the Cushing’s syndrome 
(Terzolo et al., 2005a). Still, they have some endocrine alterations that allows their 
recognition (Urinary free cortisol > 70 µg /24h; serum cortisol levels after a dexamethasone 
suppression  test >5 µg/dl; morning ACTH levels < 10 pg/ml). According to the Italian 
National survey on 1,004 adrenal incidentalomas (Mantero et al., 2000), of which 92 were 
classified as SCS, the hormonal evaluation showed low baseline secretion of ACTH in 79% 
of the SCS patients, lack of suppressibility of cortisol secretion after 1 mg dexamethasone in 
73%, supra-normal 24-hour urinary cortisol excretion in 75% or disturbed cortisol circadian 
rhythm in 43%. Subclinical Cushing’s syndrome is the most commonly detected 
abnormality in patients with adrenal incidentalomas. 
Most patients with SCS may show one or more of the clinical manifestation of cortisol 
over-secretion, such as arterial hypertension, obesity or diabetes (Terzolo et al., 2000; 
Angeli & Terzolo, 2002). The association between a clinically silent adrenal adenoma and 
some of clinical manifestations of the metabolic syndrome has been studied and is 
considered well proven. In a retrospective study done by Terzolo and colleagues (Terzolo 
et al., 2005b), of 210 such patients, 53.8% had hypertension, 21.4% were obese and 22.4% 
had hyperglycemia.  

8. Incidentalomas 
An adrenal incidentaloma is a mass lesion, usually with 1cm or more in diameter, 
discovered incidentally by radiologic examination (Young, 2007b). In recent years these 
incidentally discovered adrenal masses have been found with increasing frequency due 
to the widespread use of imaging techniques of the abdomen and their prevalence is 
estimated to be around 4% in the general population (Bovio et al., 2006). Several studies 
have been published concerning the prevalence of adrenal incidentalomas. In a series of 
739 autopsies, Hedeland and colleagues (Hedeland et al., 1968) reported the presence of 
adrenal masses in 9% of normotensive patients versus 12% in patients with hypertension. 
In another review including 25 studies (Kloos et al., 1995), the calculated prevalence of 
adrenal incidentaloma was of 6%.  The prevalence of adrenal adenomas increases with 
age from 0.2%in a patient between 20 and 29 years of age to 7% in a patient over 70 years 
of age (Young, 2007; Kloos et al., 1995). It is noteworthy that they are rare under the age 
of 40.  
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Despite the fact that the majority of adrenal incidentalomas are clinically non-hypersecreting 
and benign adrenocortical adenomas (Mansmann et al., 2004), frequently, incidentalomas’ 
series include cases that are cortisol secreting adrenocortical adenomas (5 to 9%) (Mantero et 
al., 2000; Young 2007) or pheochromocytomas (3 to 5%) (Young, 2007; Cawood et al., 2009). 
Of these pheochromocytomas, 50% are normotensive (Motta Ramirez et al., 2005). 
Incidentalomas can also be adrenocortical carcinomas and metastatic carcinomas. In a group 
of 2005 patients with adrenal incidentalomas, almost 5% were adrenocortical carcinomas 
and 2.5% corresponded to other primary carcinomas’metastases (Young, 2000). 
The approach to the evaluation and management of adrenal incidentalomas usually begins 
with taking patients’ clinical history and performing a physical examination, testing for 
signs or symptoms of adrenal hyperfunction or malignant disease, and performing a 
complete hormonal evaluation (Young, 2007; Kudva et al., 2003; Terzolo et al., 2005).  
The probability to find a primary adrenal carcinoma in these cases has to be considered as 
rare, in spite of being dependant on the size of the tumor (above 4 cm the probability of an 
incidentaloma being malignant is 24% (Angeli et al., 1997); however, due to the importance 
of such a situation the initial major concern in evaluating an adrenal incidentaloma is the 
possibility of malignancy, followed by the evaluation of the possibility of metastatic cancer. 
In fact, one should also remember that several types of carcinomas may metastasize to the 
adrenal glands (e.g. lung, kidney, colon, breast, pancreas, liver and stomach).  
Adrenal incidentalomas are bilateral in 10-to 15% of the cases. In these cases the etiology 
will be one of the following: metastases; congenital adrenal hyperplasia; bilateral adenomas, 
bilateral adrenocortical macronodular hyperplasia; bilateral pheochromocytomas; 
hemorrhage, lymphoma; infectious or infiltrative diseases. 
As a main conclusion we would like to stress that it is of crucial importance to evaluate all 
patients with adrenal incidentalomas for the possibility of either subclinical hormonal 
hyper-function, including SCS and  pheochromocytoma, as well as cancer. Table 4 
describes major evaluations and clinical features for differential diagnosis of adrenal 
incidentalomas. 

9. Pediatric adrenal cortex tumors 
The presence and diagnosis of adrenal cortex tumors in children is rare and may occur 
sporadically or as a component of certain hereditary tumour syndromes, such as the Li-
Fraumeni syndrome, the multiple endocrine neoplasia-1 (MEN1), the Beckwith-Wiedemann 

syndrome, the Carney complex, and even in some rare cases of congenital adrenal hyperplasia. 
Its incidence is around 1 to 3 in 10.000.000 except in the southern regions of Brazil where it 
reaches 1 to 3 :1.000.000 (Agrons et al., 1999; Ribeiro et al., 2000, Wasserman et al., 2011).).  
In southern Brazil, these carcinomas are frequently associated with a particular mutation of 
TP53 (namely Arg337His) (Ribeiro et al., 1990). 
Clinical and biological characteristics of adrenocortical tumours are different from those 
observed in other paediatric carcinomas. About 65% of them are diagnosed in children younger 
than 5 years of age (Ribeiro et al., 1990). This age distribution has been demonstrated in several 
reports, including a study of Zerbini and colleagues, with 32 pediatric patients with 
adrenocortical neoplasms, in which the age at diagnosis ranged from 6 months to 19 years 
(median age, 5 years), with a predominant number of patients being 5 years of age and younger 
(Zerbini et al., 1992). In another study of Lefebvre and colleagues, with 42 children with 
adrenocortical neoplasms, two-thirds were younger than 5 years of age (Lefevre et al., 1983).  
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patients with ACTH-dependent disease should undergo non-invasive tests such as the 
high-dose dexamethasone suppression test and the CRH stimulation test, to confirm the 
presence of Cushing’s disease. It is also important to exclude extrapituitary (ectopic) 
sources of ACTH. 

7. Subclinical Cushing’s syndrome 
The "subclinical" Cushing's syndrome (SCS) refers to autonomous cortisol production that is 
insufficient to generate the typical, clinically recognizable, combination of symptoms. The 
prevalence of overt Cushing’s syndrome caused by an adrenal adenoma in the general 
population is lower than the prevalence of subclinical Cushing’s syndrome in patients with 
clinically non-functioning adrenal adenoma (Ross, 1994).  
Patients with SCS have an adrenal mass usually detected incidentally (an incidentaloma) 
and normally do not show any of the clinical manifestation of the Cushing’s syndrome 
(Terzolo et al., 2005a). Still, they have some endocrine alterations that allows their 
recognition (Urinary free cortisol > 70 µg /24h; serum cortisol levels after a dexamethasone 
suppression  test >5 µg/dl; morning ACTH levels < 10 pg/ml). According to the Italian 
National survey on 1,004 adrenal incidentalomas (Mantero et al., 2000), of which 92 were 
classified as SCS, the hormonal evaluation showed low baseline secretion of ACTH in 79% 
of the SCS patients, lack of suppressibility of cortisol secretion after 1 mg dexamethasone in 
73%, supra-normal 24-hour urinary cortisol excretion in 75% or disturbed cortisol circadian 
rhythm in 43%. Subclinical Cushing’s syndrome is the most commonly detected 
abnormality in patients with adrenal incidentalomas. 
Most patients with SCS may show one or more of the clinical manifestation of cortisol 
over-secretion, such as arterial hypertension, obesity or diabetes (Terzolo et al., 2000; 
Angeli & Terzolo, 2002). The association between a clinically silent adrenal adenoma and 
some of clinical manifestations of the metabolic syndrome has been studied and is 
considered well proven. In a retrospective study done by Terzolo and colleagues (Terzolo 
et al., 2005b), of 210 such patients, 53.8% had hypertension, 21.4% were obese and 22.4% 
had hyperglycemia.  

8. Incidentalomas 
An adrenal incidentaloma is a mass lesion, usually with 1cm or more in diameter, 
discovered incidentally by radiologic examination (Young, 2007b). In recent years these 
incidentally discovered adrenal masses have been found with increasing frequency due 
to the widespread use of imaging techniques of the abdomen and their prevalence is 
estimated to be around 4% in the general population (Bovio et al., 2006). Several studies 
have been published concerning the prevalence of adrenal incidentalomas. In a series of 
739 autopsies, Hedeland and colleagues (Hedeland et al., 1968) reported the presence of 
adrenal masses in 9% of normotensive patients versus 12% in patients with hypertension. 
In another review including 25 studies (Kloos et al., 1995), the calculated prevalence of 
adrenal incidentaloma was of 6%.  The prevalence of adrenal adenomas increases with 
age from 0.2%in a patient between 20 and 29 years of age to 7% in a patient over 70 years 
of age (Young, 2007; Kloos et al., 1995). It is noteworthy that they are rare under the age 
of 40.  
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Despite the fact that the majority of adrenal incidentalomas are clinically non-hypersecreting 
and benign adrenocortical adenomas (Mansmann et al., 2004), frequently, incidentalomas’ 
series include cases that are cortisol secreting adrenocortical adenomas (5 to 9%) (Mantero et 
al., 2000; Young 2007) or pheochromocytomas (3 to 5%) (Young, 2007; Cawood et al., 2009). 
Of these pheochromocytomas, 50% are normotensive (Motta Ramirez et al., 2005). 
Incidentalomas can also be adrenocortical carcinomas and metastatic carcinomas. In a group 
of 2005 patients with adrenal incidentalomas, almost 5% were adrenocortical carcinomas 
and 2.5% corresponded to other primary carcinomas’metastases (Young, 2000). 
The approach to the evaluation and management of adrenal incidentalomas usually begins 
with taking patients’ clinical history and performing a physical examination, testing for 
signs or symptoms of adrenal hyperfunction or malignant disease, and performing a 
complete hormonal evaluation (Young, 2007; Kudva et al., 2003; Terzolo et al., 2005).  
The probability to find a primary adrenal carcinoma in these cases has to be considered as 
rare, in spite of being dependant on the size of the tumor (above 4 cm the probability of an 
incidentaloma being malignant is 24% (Angeli et al., 1997); however, due to the importance 
of such a situation the initial major concern in evaluating an adrenal incidentaloma is the 
possibility of malignancy, followed by the evaluation of the possibility of metastatic cancer. 
In fact, one should also remember that several types of carcinomas may metastasize to the 
adrenal glands (e.g. lung, kidney, colon, breast, pancreas, liver and stomach).  
Adrenal incidentalomas are bilateral in 10-to 15% of the cases. In these cases the etiology 
will be one of the following: metastases; congenital adrenal hyperplasia; bilateral adenomas, 
bilateral adrenocortical macronodular hyperplasia; bilateral pheochromocytomas; 
hemorrhage, lymphoma; infectious or infiltrative diseases. 
As a main conclusion we would like to stress that it is of crucial importance to evaluate all 
patients with adrenal incidentalomas for the possibility of either subclinical hormonal 
hyper-function, including SCS and  pheochromocytoma, as well as cancer. Table 4 
describes major evaluations and clinical features for differential diagnosis of adrenal 
incidentalomas. 

9. Pediatric adrenal cortex tumors 
The presence and diagnosis of adrenal cortex tumors in children is rare and may occur 
sporadically or as a component of certain hereditary tumour syndromes, such as the Li-
Fraumeni syndrome, the multiple endocrine neoplasia-1 (MEN1), the Beckwith-Wiedemann 

syndrome, the Carney complex, and even in some rare cases of congenital adrenal hyperplasia. 
Its incidence is around 1 to 3 in 10.000.000 except in the southern regions of Brazil where it 
reaches 1 to 3 :1.000.000 (Agrons et al., 1999; Ribeiro et al., 2000, Wasserman et al., 2011).).  
In southern Brazil, these carcinomas are frequently associated with a particular mutation of 
TP53 (namely Arg337His) (Ribeiro et al., 1990). 
Clinical and biological characteristics of adrenocortical tumours are different from those 
observed in other paediatric carcinomas. About 65% of them are diagnosed in children younger 
than 5 years of age (Ribeiro et al., 1990). This age distribution has been demonstrated in several 
reports, including a study of Zerbini and colleagues, with 32 pediatric patients with 
adrenocortical neoplasms, in which the age at diagnosis ranged from 6 months to 19 years 
(median age, 5 years), with a predominant number of patients being 5 years of age and younger 
(Zerbini et al., 1992). In another study of Lefebvre and colleagues, with 42 children with 
adrenocortical neoplasms, two-thirds were younger than 5 years of age (Lefevre et al., 1983).  
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Diagnosis Suggestive Clinical 
Features Imaging Characteristics 

Adrenocortical 
Adenoma 

May have symptoms 
related to excess 
glucocorticoid, 
mineralocorticoid, 
androgen, or estrogen 
secretion 

 Round or oval, with smooth margins 
 Homogeneous 
 Rare tumor calcification, necrosis or 

hemorrhage 
 Small, usually ≤ 3 cm in diameter 
 Usually solitary, unilateral 
 CT unenhanced attenuation values 
≤10 HU  (25% may have low lipid 
content and hence have attenuation 
values >10%) 

 Not highly vascular 
 Isointense in relation to liver onT1- 

and T2-weighted images in MRI 
 No delay in contrast medium 

washout (ten minutes after 
administration of contrast, an 
absolute contrast medium washout of 
50 % or more) 

Adrenocortical 
carcinoma 

Mass effect symptoms, 
symptoms related to 
excess glucocorticoid, 
mineralocorticoid, 
androgen, or estrogen 
secretion. The size (>4/6 
cm) and the evolution are 
the most important signs 
to raise the suspicion 

 Irregular shape 
 Inhomogeneous density because of 

central areas of low attenuation due to 
tumor necrosis  

 Common tumor calcification 
 Diameter usually >4 cm 
 Unilateral location 
 High unenhanced CT attenuation 

values (>20 HU) 
 Inhomogeneous enhancement on CT 

with intravenous contrast 
 Delay in contrast medium washout 

(ten minutes after administration of 
contrast, an absolute contrast medium 
washout of less than 50 %) 

 Hypo-intensity compared with liver 
on T-1 weighted MRI and high to 
intermediate signal intensity on T-2 
weighted MRI 

 High standardized uptake value 
(SUV) on FDG-PET-CT study 

 Evidence of local invasion or 
metastases. 

 
Adrenal Cortex Tumors and Hyperplasias 

 

331 

Diagnosis Suggestive Clinical 
Features Imaging Characteristics 

Pheochromocytoma 

Hypertension, Paroxysmal 
Symptoms (e.g. 
palpitation, diaphoresis, 
headache, pallor, tremor). 
Half of the cases will 
remain undiagnosed! 
Plasma metanephrines 
and 24h urine 
metanephrines are the 
initial screening tests 

 Round or oval, with clear margins 
 Heterogeneous, with cystic areas 
 Usually large 
 Usually solitary, unilateral 
 High unenhanced CT attenuation 

values (>10 HU) (usually >25) 
 Usually vascular 
 Delay in contrast medium washout 

(ten minutes after administration of 
contrast, an absolute contrast medium 
washout of less than 50 percent) but 
may be normal, mimicking the 
adenomas 

 Markedly hyper intense in relation to  
the liver on T2-weighted images, in 
MRI 

 Chemical-shift imaging: Pheos and 
ACC don’t loose signal intensity on 
out-of phase images in comparison 
with in-phase ones, whereas 
adenomas do 

 Hemorrhage and cystic areas 
common 

Metastatic Cancer 

Cancer-specific signs. The 
identification of a primary 
extra-adrenal cancer 
favors this possibility  

 Irregular shape and inhomogeneous 
nature 

 Tendency to be bilateral 
 High unenhanced CT attenuation 

values (>20 HU) and enhancement 
with intravenous contrast on CT 

 Delay in contrast medium washout 
(ten minutes after administration of 
contrast, an absolute contrast medium 
washout of less than 50 percent) 

 Isointense or slightly less intense than 
the liver on T-1 weighted MRI and 
high to intermediate signal intensity 
on T-2 weighted MRI (representing an 
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Adapted from Young WF, Jr. Clinical practice. The incidentally discovered adrenal mass. N Engl J Med 
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Table 4. Clinical features and imaging characteristics of adrenal incidentalomas 
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Diagnosis Suggestive Clinical 
Features Imaging Characteristics 
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Diagnosis Suggestive Clinical 
Features Imaging Characteristics 
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values (>20 HU) and enhancement 
with intravenous contrast on CT 

 Delay in contrast medium washout 
(ten minutes after administration of 
contrast, an absolute contrast medium 
washout of less than 50 percent) 

 Isointense or slightly less intense than 
the liver on T-1 weighted MRI and 
high to intermediate signal intensity 
on T-2 weighted MRI (representing an 
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Adapted from Young WF, Jr. Clinical practice. The incidentally discovered adrenal mass. N Engl J Med 
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About half of the adrenocortical tumours in children have predisposing constitutional 
genetic factors, and are usually associated with the Li-Fraumeni syndrome or the Beckwith-
Wiedemann syndrome (Li & Fraumeni, 1969a; Wiedemann, 1983; Lynch et al., 1978).   
The Li-Fraumeni syndrome is a cancer-predisposing syndrome that includes breast cancer, 
brain carcinoma, sarcomas, leukaemia and adrenocortical carcinoma (Li & Fraumeni, 1969a; 
Lynch et al., 1978). This syndrome is a rare autosomal dominant condition associated with 
germline mutations of the tumour suppressor gene TP53 on the chromosome 17 (17p13) (Li & 
Fraumeni, 1969b; Li et al., 1998; ). The patient and the affected family members may develop 
different types of tumours (Birch, 1994; Srivastava et al., 1990; Sandrini et al., 1997; Hisada et 
al., 1998).  
On the other side the Beckwith-Wiedemann syndrome, associated with abnormalities 
involving chromosome 11p15, and defined as a growth disorder is sometimes referred to as 
the EMG [exomphalos-macroglossia-gigantism] syndrome. This syndrome is associated 
with an increased risk of benign and malignant tumors of multiple organs (Fraumeni & 
Miller et al., 1967; Wiedemann, 1983), particularly the Wilms tumor of the kidneys and 
adrenocortical carcinoma (Lack, 1997).  
The incidence of adrenocortical carcinomas in children is higher in girls. These pediatric 
carcinomas are hormone secreting tumors more frequently than in adults (90% vs 50%) 
(Michalkiewicz  et al., 2004; Patil et al., 2002; Bonfig et al., 2003). The classic endocrine 
syndromes (namely the virilising and the Cushing’s syndromes) represent the most 
common presentations of adrenocortical carcinomas in this age group (Wilkins, 1948 and 
Ribeiro et al., 2000).  
However in spite of being pathologically malignant these carcinomas have a much better 
prognosis, with many of them becoming cured by the first surgical intervention 
(Michalkiewicz et al., 2004;  Sutter et al., 2006; Wieneke et al., 2003; 27: Sabbaga et al., 1993) 

10. ACTH-independent adrenal cortex hyperplasias 
ACTH-independent hypercortisolism is always of adrenocortical origin and an 
adrenocortical adenoma or carcinoma are by far its most common aetiologies (in up to 95% 
of patients). The remaining cases will be adrenocortical hyperplasias.  
Even in these cases it’s important to distinguish adrenocorticotropin (ACTH)–dependent 
forms like Cushing’s disease or CAH (due to 21-hydroxylase deficiency) from ACTH-
independent ones as a primary step in the differential diagnosis of Cushing’s syndrome due 
to adrenocortical bilateral hyperplasias (Doppman et al., 2000).  
Among the adrenal causes of Cushing’s syndrome about 10-15% are due to bilateral adrenal 
lesions that include micronodular (particularly its most common variant the Primary 
Pigmented Nodular Adrenocortical Disease – PPNAD) and macronodular adrenal hyperplasias 
(ACTH-Independent Macronodular Adrenocortical Hyperplasia - AIMAH) and, more rarely, 
bilateral adenomas or carcinomas (Christopoulos et al., 2005; Stratakis & Boikos, 2007).  
The hyperplasias can be sporadic or familial as is the case of PPNAD that can occur isolated 
or as part of an autosomal dominant disease including other tumors, endocrine and non-
endocrine, called the Carney Complex.  
Many adrenal cortex hyperplasia cases are thought to be the consequence of genetic changes 
in several key components of the cyclic AMP (cAMP) pathway (Libé & Betherat, 2005; 
Groussin et al., 2002a; Stratakis et al., 2007). Activating germline mutations of the ACTH 
receptor (MC2R) gene, making it display high levels of basal activity, have been reported 
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(Swords et al., 2002). The same occurred with GNAS activating mutations resulting in 
constitutive activation of the cAMP pathway that were shown to cause ACTH-independent 
macronodular adrenocortical hyperplasia (AIMAH) in McCune-Albright syndrome 
(Weinstein, 1991). On the other hand PRKAR1A-inactivating mutations resulting in a 
permanent activation of PKA may be associated to the development of PPNAD either 
isolated or as part of the Carney complex (Kirschner et al., 2000; Groussin et al., 2002b). 
More recently, inactivating mutations of the phosphodiesterase 11A gene, a gene coding for 
an enzyme that normally regulates cyclic nucleotide levels was reported both in cases of 
PPNAD and other bilateral hyperplasias (e.g. macronodular) (Libé et al., 2008).  

11. ACTH-independent macronodular hyperplasias 
The ACTH-independent macronodular adrenocortical hyperplasias (AIMAH) constitute a 
rare condition that consists of multiple bilateral adrenocortical macronodules causing a 
striking enlargement of the adrenal glands (Doppman et al., 1991; Malchoff et al., 1989; 
Swain et al., 1998). The great majority of AIMAH cases  is sporadic. AIMAH is responsible 
for less than 1% of all the endogenous cases of Cushing’s syndrome (Christopoulos et al., 
2005). Usually patients present in the fifth and sixth decades of life, a significantly latter age 
of onset compared to other cortisol producing adenomas (Swain et al., 1998).  

11.1 AIMAH pathogenesis 
Increased cortisol levels in AIMAH result from the fact that hormones other than ACTH 
become able to activate cortisol secretion through receptors aberrantly located in the adrenal 
cortex cells and coupled to cAMP activation. Hormones like GIP, catecholamines, 
vasopressin, serotonin, LH among others can activate PKA signaling, via cAMP production, 
leading to a situation of Cushing’s syndrome. 
In fact a great number of patients with AIMAH have that ectopic expression of and/or 
increased responsiveness to one of several possible receptors like the gastric inhibitory 
polypeptide (GIP) receptors (food-dependent hypercortisolism) (Resnik et al., 1992; N’diaye 
et al., 1998), vasopressin receptors (Horiba et al., 1995), the β-adrenergic receptors (Lacroix et 
al., 1997), the LH receptors, the serotonin receptors, the leptin receptors and angiotensin II 
receptors (Lacroix et al., 1997; Lacroix et al., 2001; Lacroix et al., 1992). 
In the example of GIP-activated-cortisol-production, k cells from the duodenum and small 
intestine release, after food ingestion, a gastro-intestinal hormone named GIP (Gastric 
Inhibiting Peptide or Glucose-dependent Insulinotropic Peptide) in physiological 
concentrations (Lacroix et al., 2001). The expression of GIP receptors in the cells of the zona 
fasciculata, where they normally don’t exist, can then be activated by the GIP secreted in 
response to meals, causing what is known as “food-dependent” cortisol production. The 
presence of this receptor can be confirmed in vivo by clinical testing or by adrenal imaging 
following the injection of [123I]-GIP (Lacroix et al., 1992).  
To date, more than 30 cases were reported where the adrenal hormonal hypersecretion was 
associated to GIP stimulation. In the majority of cases patients presented with AIMAH 
(Lacroix et al., 2004; Groussin et al., 2002c). Besides that, other receptors were identified, 
some ectopically expressed and some being eutopic but showing  an over-expression in the 
adrenocortical cells, as being the cause of cases of AIMAH and recently also demonstrated 
in cases of unilateral adenomas (Lacroix, 2009). 
The majority of cases of AIMAH is sporadic. Some cases however are familial and in most 
an autosomal dominant hereditarity has been described (Lacroix, 2009). Nevertheless, the 
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genetic cause for these cases hasn’t yet been identified. In addition to those familiar reports, 
AIMAH has been described in MEN-1 with a frequency between 6% (Burgess et al., 1996) 
and 21% (Skogseid et al., 1992), and in rare cases of Gs alpha subunit mutations (Weinstein 
et al., 1991; Fragoso et al., 2003) or activating mutations of the ACTH receptor (MC2R) 
(Swords et al., 2002): 
 Gs alpha-subunit mutations — an activating mutation in the gene of the Gsa subunit 

of G-protein coupled receptors (stimulatory guanine nucleotide-binding protein, Gs) 
leads to constitutive activation of cAMP. These mutations may be responsible not 
only for increased production of cortisol but also for increased proliferation and 
consequently the formation of adrenal nodules (Weinstein et al., 1991; Fragoso et al., 
2003).   

 MEN1 – In patients with multiple endocrine neoplasia syndrome type 1 (MEN1) caused 
by mutations in the the tumor suppressor gene menin, together with the more frequent 
endocrine tumors that are characteristic of the syndrome, adrenocortical adenomas or 
macronodular bilateral hyperplasias may also occur (Burgess et al., 1996; Skogseid et al., 
1992). 

 Other genes – There were some rare reports of activating mutations of the ACTH receptor 
(MC2R) gene in adrenal tumors and AIMAH (Swords et al., 2002). Moreover, AIMAH has 
also been reported in patients with: familial polyposis coli and a mutation in the 
adenomatous polyposis coli (APC) gene (Kartheuser et al., 1999); in patients with 
mutations in the fumarate hydratase gene (FH) (Matyakhina et al., 2005) on chromosome 
1 (1q42.3-43); and in patients with germline mutations in phosphodiesterase 11A isoform 
4 gene (PDE11A) (Libé et al., 2008) located on chromosome 2 (2q31-35). 

11.2 AIMAH diagnosis and clinical presentation 
Usually AIMAH cases can be discovered after an incidental radiological finding or 
following the investigation of an adrenal hypersecretion syndrome and can be 
distinguished from ACTH-dependent macronodular hyperplasia by a suppressed plasma 
ACTH (<5 pg/mL vs. ≥15 pg/mL).  
The most common laboratory findings associated with AIMAH are the following: 
 Increased serum and urinary cortisol and undetectable plasma ACTH in the basal state 

(Doppman et al., 2000; Swain et al., 1998; Kirschner et al., 1964; Bourdeau et al., 2001, 
Lieberman et al., 1994). 

 As in any cause of adrenal cortisol hypersecretion, dexamethasone suppression test fails 
to suppress cortisol production (Christopoulos et al., 2005). 

An exception to this general pattern occurs in patients with GIP-dependent Cushing's 
syndrome in whom cortisol hypersecretion occurs in response to meals and serum cortisol 
may be low in the fasting state (Resnik et al., 1992; Lacroix et al., 1992). 
 Steroid hormone synthesis is relatively inefficient in AIMAH as a consequence of 

decreased steroidogenic enzymatic activity resulting frequently in elevated 17-
hydroxyprogesterone levels after stimulation with ACTH (Bourdeau et al., 2001). 

 Serum 18-hydroxycorticosterone, corticosterone and estrone may cause hypertension or 
feminization in the patients in whom they are increased (Wada et al., 2002).  

The diagnosis of AIMAH is usually suspected after typical imaging studies, which can be 
variable. At the computed tomography (CT) the adrenal glands in patients with AIMAH 
are greatly enlarged with multiple macronodules up to 5 cm in diameter. These adrenals’ 
weight may vary between 24 to 500g (Doppman et al., 2000; Malchoff et al., 1989).  
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The asymmetric appearance of the adrenal macronodules in AIMAH has been described 
(Liebermann et al., 1994; Lacroix et al., 2001) and also, according to a study  including 
patients with surgically proven AIMAH, adrenal masses measuring up to 5 cm of soft tissue 
density can distort and obscure the adrenal glands (Doppman et al., 1991). This may 
conduct to the erroneous diagnosis of a unilateral adenoma.  
Therefore, other clinical and molecular features must be used in diagnosing AIMAH.  
One important suggestion consist of evaluating all patients with AIMAH and clinical and 
sub-clinical Cushing’s syndrome for the presence of aberrant receptors, that are very 
frequently present in AIMAH (Lacroix et al., 2001; Mircescu et al., 2000). 
In this scenario, tests that modulate the levels of ligands for those receptors may be useful 
determining cortisol and other steroid changes. These tests include physiological tests, such 
as upright posture and mixed meals, and pharmacological tests including gonadotropin-
releasing hormone, thyrotropin-releasing hormone, vasopressin, glucagon and 
metoclopramide (Lacroix et al., 2001; Mircescu et al., 2000). Cortisol increases ≥25% are 
considered as significant, provided there is no increase in ACTH. If necessary, these tests 
should be carried out under Dexamethasone suppression. Responses between 25% and 49% 
are considered partial responses and if ≥50% complete responses. Any positive change 
should prompt the continuation of the study to identify all the receptors that may be 
involved (Lacroix et al., 2001) 
The importance of identifying these aberrant receptors is the possibility to have specific 
therapeutical weapons that may permit avoiding bilateral adrenalectomy: 
 

RECEPTOR IN VIVO SCREENING MEDICAL TREATMENT 

GIP Mixed meal (Food-dependent Cushing) 
Stimulation by GIP infusion 

Octreotide 
GIPR antagonist 

Vasopressin 

Upright posture 
Inhibition by water load 
Stimulation by saline infusion 
Administration of Arginine Vasopressin 
Administration of DDAVP (- =V1R; + =V2R) 

Vasopressin receptor 
antagonist 
DDAVP antagonist (V2) 

Β-adrenergic 

Upright posture 
Stimulation by insulin-induced hypoglycemia 
Isoproterenol infusion 
Propranolol suppression 

Β-blocker (Propranolol) 

LH / βHCG 

GnRH test 
hCG 
Recombinant LH 
Pregnancy or Menopausal related cortisol 
elevation  
Sometimes also androgen secreting 

Long acting GnRH agonist 
GnRH antagonist 

5HT-4  Administration of 5HT-4 agonists 
Metoclopramide/Cisapride/Tegaserod test 5HT-4 receptor antagonist 

Angiotensin  
Upright posture 
Angiotensin infusion (?) 
Angiotensin antagonist 

Angiotensin receptor 
antagonist 

(Adapted from Lacroix et al., 2009 ACTH independent macronodular hyperplasia. Best Practice and 
Research Clinical Endocrinology and Metabolism. Vol 23. Pp 245-259)  

Table 5. Receptors involved in AIMAH, in vivo screening tests and possible medical treatments 
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RECEPTOR IN VIVO SCREENING MEDICAL TREATMENT 

GIP Mixed meal (Food-dependent Cushing) 
Stimulation by GIP infusion 

Octreotide 
GIPR antagonist 

Vasopressin 

Upright posture 
Inhibition by water load 
Stimulation by saline infusion 
Administration of Arginine Vasopressin 
Administration of DDAVP (- =V1R; + =V2R) 

Vasopressin receptor 
antagonist 
DDAVP antagonist (V2) 

Β-adrenergic 

Upright posture 
Stimulation by insulin-induced hypoglycemia 
Isoproterenol infusion 
Propranolol suppression 
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LH / βHCG 
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(Adapted from Lacroix et al., 2009 ACTH independent macronodular hyperplasia. Best Practice and 
Research Clinical Endocrinology and Metabolism. Vol 23. Pp 245-259)  

Table 5. Receptors involved in AIMAH, in vivo screening tests and possible medical treatments 
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12. ACTH-independent micronodular hyperplasias 
ACTH-independent micronodular hyperplasias are characterized by the presence of 
multiple cortical micronodules, with less than 1 cm in diameter (Louiset et al., 2010). 
These micronodular hyperplasias can be divided in two different subtypes, depending on 
the presence or absence of nodular pigment and internodular atrophy. The most common 
and predominant type of ACTH-independent micronodular adrenal hyperplasia is the 
primary pigmented nodular adrenocortical disease (PPNAD), characterized by multiple 
pigmented micronodules usually surrounded by internodular cortical atrophy. The 
pigmented nodules are observed in the zone between the cortex and the medulla and the 
cells have hybrid characteristics between cortical and medullar (for instance the high 
expression of synaptophysin). The pigment has been identified as lipofuscin (Louiset et 
al., 2010).  
PPNAD is one of the possible causes of Cushing’s syndrome. However, it must be stressed 
that it is a rare disease representing less than 1% of the cases of Cushing’s syndrome. It may 
be sporadic or familial, and in this case it’s one of the components of the Carney complex 
(Carney & Young, 1992; Stratakis et al., 2001). 

12.1 ACTH-independent micronodular hyperplasia- pathogenesis 
A few genes were already identified as causal for the development of ACTH-independent 
micronodular hyperplasia: 
 PRKAR1A - Most patients with PPNAD, especially when the disease is a component 

of Carney complex, have germline-inactivating mutations of the PRKAR1A [protein 
kinase A (PKA) regulatory subunit type 1α] gene (Kirschner et al., 2000; Groussin et 
al., 2002a; Groussin et al., 2002b). These mutations code for a truncated protein that is 
not produced, and the loss of this protein leads to an increased activation of protein 
kinase A (PKA) by cyclic AMP (Nadella & Kirschner, 2005). In several different 
studies of patients with PPNAD associated with Carney complex, 65-82% had 
PRKAR1A mutations (Groussin et al., 2002; Veugelers et al., 2004; Bertherat et al 
2009). 

 Phosphodiesterase 11A (PDE11A) - PDE11A is a dual-specificity PDE with affinity 
both to cAMP and cGMP, expressed in several endocrine tissues (D’Andrea et al., 
2005). Decreased expression of PDE11A has been correlated to increased 
adrenocortical levels of cAMP and cAMP-responsive element (CREB) 
phosphorylation presumably being the cause of adrenal hyperplasia. Besides having 
been identified in PPNAD and non-pigmented micronodular bilateral adrenocortical 
hyperplasias, in a study of Libé and colleagues, the PDE11A missense germline 
variants were also found in 18.8% of adrenocortical tumors (adrenocortical 
carcinomas, adenomas and bilateral macronodular adrenal hyperplasias) (Libé et al., 
2008). 

 Other genes - PDE8B gene mutations have also been described in patients with PPNAD 
or nonpigmented variants of the disease (Horvath et al., 2008).   

Moreover, in addition to germline PRKAR1A mutations, somatic beta-catenin mutations 
have been found in the larger nodules of patients with PPNAD, suggesting that secondary 
events in the Wnt/beta-catenin signaling pathway can contribute to tumorigenesis in 
PPNAD (Tadjine et al., 2008; Gaujoux et al., 2008). 
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12.2 ACTH-independent micronodular hyperplasia – Diagnosis and clinical 
presentation 
Most commonly patients with PPNAD present signs and symptoms of hypercortisolism 
such as weight gain, obesity, hypertension, and menstrual cycle disorders. However, in 
many of them these symptoms are subtle and slowly progressive. Besides, sometimes the 
cortisol hypersecretion can be cyclical rendering these cases difficult to diagnose. On the 
other hand, there are several characteristics that are unique to this type of micronodular 
hyperplasia (Carney & Young, 1992; Larsen et al., 1986; Stratakis et al., 2001). 
 The majority of patients with PPNAD are diagnosed at a young age, usually before 

turning 30 years, and many cases occur in patients under 15 years of age.  
 Another hallmark is the paradoxical cortisol response to Dexamethasone suppression 

test, meaning that cortisol raises in response to dexamethasone instead of being reduced 
(Stratakis et al., 1999). 

 At surgery the characteristic pigmentation can be observed. 
 Most of the nodules found in these patients are less than 4 mm, and reasonably well 

demarcated from the adjacent atrophic cortex.  
As already mentioned, in some patients with this pathology the development of 
hypercortisolism symptoms can be cyclic and irregular what causes some typical Cushing’s 
syndrome symptoms to be variable or discrete, therefore complicating its diagnosis. On the 
other hand, in patients with PPNAD, due to the presence of elevated cortisol levels, 
osteoporosis and avascular hip necrosis have been reported (Ruder et al., 1974; Carney & 
Young, 1992).  

12.3 Carney complex 
PPNAD occurs as part of Carney complex in more than 60% of the cases (Bertherat et al., 
2009). 
This syndrome is an autosomal dominant form of multiple neoplasia. The main signs that 
characterize this condition are the presence of spotty skin pigmentation (lentiginosis), the 
presence of endocrine tumors, including PPNAD (the most common endocrine finding in 
Carney's complex), testicular large cell calcifying Sertoli cells tumors, GH secreting pituitary 
adenomas and thyroid adenomas and carcinomas, and non-endocrine tumors, including 
atrial myxomas, cutaneous myxomas, breast ductal adenomas, psammomatous melanotic 
schwannomas, and osteochondromyxomas (Stratakis et al., 2001; Carney et al., 1985; 
Stratakis et al., 1997).  Cushing’s syndrome caused by PPNAD occurs in many of the cases of 
Carney Complex. However, if one considers also the subclinical cases of Cushing’s 
syndrome, the percentage will surely be higher (Bertherat et al., 2009; Stratakis et al., 2001).  
Three genetic loci were associated with the Carney Complex: 2p16, 17q22-24 and 17p12-
13. More than 70% Carney Complex cases have a PRKAR1A mutation (Bertherat et al., 
2009). 
For being a heterogeneous disease that can present with different signs and symptoms, its 
diagnosis is usually difficult (Carson et al., 1988; Gunther et al., 2004), especially if it shows 
unusual clinical manifestations and if it is not present in other family members.  
The most important steps for its diagnosis can be the same as for the diagnosis of Cushing’s 
syndrome. Therefore initial phases must include confirming hypercortisolism, determining 
whether the hypercortisolism is ACTH-dependent or ACTH-independent, and whether 
there is paradoxical response to Dexamethasone suppression test. Then it will be necessary 
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to identify the cause of that hypercortisolism. When investigating family members of 
patients affected by PPNAD or other forms of micronodular disease, the dexamethasone 
suppression tests should be used to identify subclinical adrenal disease, since for these 
patients, even subtle changes of cortisol secretion should be considered abnormal (plasma 
cortisol >1.8 µg/dL [50 nmol/L] following Liddle's test). ACTH suppression is also 
significant in this context.  After that, the computerized tomography of the adrenals will 
help to distinguish unilateral from bilateral nodular disease or hyperplasia and so it must be 
performed next (Rockal et al., 2004).  It must be stressed however that the adrenals are not 
very enlarged and so the interpretation of the images can be difficult (Bertherat et al., 2009). 
Treatment of PPNAD is often bilateral adrenalectomy, sometimes in two surgical timings 
years-apart, related to the fact that the development of this bilateral disease is frequently 
asymmetrical.  
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1. Introduction 
Addison’s disease, named after the English physician who provided its full description in 
1855, is the result of the destruction or impaired function of adrenocortical cells. Of the 11 
cases described by Addison, 10 were likely subsequent to an infiltrative disease (the most 
common being the secondary localization of Mycobacterium tuberculosis to the adrenal gland) 
and 1 was clinically idiopathic (likely of an autoimmune origin, on the basis of the current 
knowledge of disease mechanisms). In recent years the ethiologic spectrum of the disease 
has considerably expanded to include genetic causes not present in the 11 cases described by 
Thomas Addison. Accordingly, the definition of primary adrenal insufficiency (PAI) 
appears today more correct. Nevertheless, Autoimmune Addison’s Disease (AAD) and post-
tuberculosis Addison’s disease are still adequate definitions according to the clinical 
characteristics of the cases described in 1855.  
Prevalence of PAI is estimated at 120-160 cases per million in western countries, 
corresponding to 1 case every 7,000-7,500 individuals (Laureti et al, 1999; Løvås et al, 2002). 
The clinical manifestations of the disease result from the glucorticoid, mineralcorticoid and 
androgen deficiency (Oelkers, 1996). In western countries and Japan, an autoimmune 
process is responsible for the destruction of the adrenocortical cells and for the clinical 
manifestations of PAI in around 70-90% of cases (Betterle et al, 2002; Nomura et al, 1994).  
AAD occurs frequently in concomitance with other organ-specific and non-organ-specific 
autoimmune diseases in the so-called autoimmune polyendocrine syndromes (APS). Since 
at least two-thirds of patients with AAD have one or more other manifestations of an 
ongoing autoimmune process against other endocrine glands or different tissues, AAD can 
be considered a paradigmatic disease for the study of endocrine autoimmunity. On the basis 
of the type of diseases present in the same patient, different APSs are recognized. APS 1 is 
caused by mutations of the AIRE (AutoImmune REgulator) gene, which is located on 
chromosome 21 (The Finnish-German APECED Consortium, 1997). This syndrome is 
characterized by the concomitant presence of at least two of three diseases: chronic 
mucocutaneous candidiasis, hypoparathyroidism and AAD. In first-degree relatives of 
APS1 patients a single disease manifestation is sufficient to formulate the diagnosis. No 
general agreement exists for the classification of the remaining APSs. Some authors 
discriminate APS 2, APS 3 and APS 4 according to the different combination of  
autoimmune diseases present in the same patients. With this classification, APS 2 would 
identify the association of clinical or pre-clinical AAD with thyroid autoimmune diseases 
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1. Introduction 
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at least two-thirds of patients with AAD have one or more other manifestations of an 
ongoing autoimmune process against other endocrine glands or different tissues, AAD can 
be considered a paradigmatic disease for the study of endocrine autoimmunity. On the basis 
of the type of diseases present in the same patient, different APSs are recognized. APS 1 is 
caused by mutations of the AIRE (AutoImmune REgulator) gene, which is located on 
chromosome 21 (The Finnish-German APECED Consortium, 1997). This syndrome is 
characterized by the concomitant presence of at least two of three diseases: chronic 
mucocutaneous candidiasis, hypoparathyroidism and AAD. In first-degree relatives of 
APS1 patients a single disease manifestation is sufficient to formulate the diagnosis. No 
general agreement exists for the classification of the remaining APSs. Some authors 
discriminate APS 2, APS 3 and APS 4 according to the different combination of  
autoimmune diseases present in the same patients. With this classification, APS 2 would 
identify the association of clinical or pre-clinical AAD with thyroid autoimmune diseases 
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and/or type 1 diabetes mellitus (T1DM). APS 3 would be the association of thyroid 
autoimmune diseases with other endocrine and non-endocrine autoimmune manifestations 
(with the exception of AAD) and APS 4 would include all other possible combinations. No 
sound pathophysiological and/or genetic background, however, supports this classification, 
as the different endocrine autoimmune diseases tend to share a common genetic 
background and the same subject that might be initially be classified as APS 3 or APS 4 
would be reclassified as APS2 if clinical or subclinical signs of adrenal or thyroid 
autoimmunity occur at a later stage. Throughout this chapter we will then refer to APS 2 to 
include all combinations of AAD with other immuno-mediated diseases, different from 
hypoparathyroidism or chronic mucocutaneous candidiasis.  
Most frequently AAD is associated with Hashimoto’s thyroiditis or Graves’s disease, one or 
the other being present in over 50% of patients with autoimmune adrenal insufficiency 
(Betterle et al, 2002; Nerup, 1974; Kong et al, 1994; Irvine et al, 1967, 1979; McHardy-Young et 
al, 1974; De Rosa et al, 1987; Papadopoulos et al, 1990; Kasperlik-Zaluska et al, 1991; Zelissen 
et al, 1995; Söderbergh et al, 1996; Neufeld et al, 1981). Atrophic gastritis is present in 20-25% 
of AAD patients, while type 1 diabetes mellitus (T1DM) has been reported in 1-20% of 
addisonian patients (Betterle et al, 2002; Nerup, 1974; Kong et al, 1994; Irvine et al, 1967, 1979; 
McHardy-Young et al, 1974; De Rosa et al, 1987; Papadopoulos et al, 1990; Kasperlik-Zaluska 
et al, 1991; Zelissen et al, 1995; Söderbergh et al, 1996; Neufeld et al, 1981). 
Hypergonadotropic hypogonadism is present in 4.5-19% of AAD women. Other 
autoimmune diseases found associated with AAD at lower frequency include: vitiligo, 
alopecia, celiac disease, pernicious anemia, multiple sclerosis, inflammatory bowel disease, 
Sjögren’s syndrome, chronic hepatitis and lymphocytic hypophysitis (Betterle et al, 2002; 
Nerup, 1974; Kong et al, 1994; Irvine et al, 1967, 1979; McHardy-Young et al, 1974; De Rosa et 
al, 1987; Papadopoulos et al, 1990; Kasperlik-Zaluska et al, 1991; Zelissen et al, 1995; 
Söderbergh et al, 1996; Neufeld et al, 1981).   

2. Adrenal autoimmunity 
The human adrenal autoimmune process is made evident by the apperance of circulating 
autoantibodies directed against the adrenal cortex or its components, which can be detected 
in the serum of affected individuals.  
The first demonstration of adrenal cortex autoantibodies (ACA), detected by a complement- 
fixation test in the sera from patients with AAD, was provided in 1957 (Anderson et al, 
1957). The use of the indirect immunofluorescence (IIF) approach, introduced by Blizzard 
and Kyle, 1963, has subsequently enabled the development of more sensitive assays for the 
detection of ACA (Blizzard et al, 1963, 1967; Goudie et al, 1966; Andrada et al, 1968; Wuepper 
et al, 1969; Nerup, 1974; Irvine & Barnes, 1974; Sotsiou et al, 1980; Elder et al, 1981; 
Papadopoulos et al, 1990). ACA  have been detected in 40-75% patients with clinically 
idiopathic Addison’s disease (Blizzard et al, 1963, 1967; Goudie et al, 1966; Andrada et al, 
1968; Wuepper et al, 1969; Nerup, 1974; Irvine & Barnes, 1974; Sotsiou et al, 1980; Elder et al, 
1981; Stechmesser et al, 1985; Kosowicz et al, 1986; Papadopoulos et al, 1990). Differences in 
the substrate used for detection of autoantibodies (human vs. animal adrenals), in disease 
duration and in selection of patients are responsible for the high variability in ACA 
frequency in patients with PAI. 
In spite of the very well known technical limitations, because of the relative simplicity of the 
assay and the high diagnostic sensitivity, ACA-IIF have represented the gold standard for 
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adrenal autoantibody determination until the middle of the ‘90s. ACA react with cytoplasm 
autoantigen(s) of cells located in all three layers of the adrenal cortex. More recent studies 
have detected ACA in approximately 80% of patients with AAD, representing over 90% of 
patients with recent-onset disease and 79% with long-standing disease (>2 years of disease 
duration) (Betterle et al, 1999). ACA are more frequent in patients with APS1 or APS2 than in 
patients with isolated Addison’s disease (Betterle et al, 1999).   
Attempts to identify the molecular targets of ACA started during the 1980’s, which  led to 
the initial identification of a 55-kDa autoantigen present in human adrenal microsomes 
(Furmaniak et al, 1988). Subsequent studies of the beginning of the 1990’s have identified  
steroid-21-hydroxylase (21OH) as the main autoantigen target of ACA (Winqvist et al, 1992; 
Baumann-Antczak et al, 1992; Bednarek et al, 1992). Around  the same time, steroid-17-
hydroxylase (17OH) (Krohn et al, 1992) and P450 side chain cleavage (P450scc) enzyme 
(Winqvist et al, 1993) were identified as additional autoantigens.  
The discovery of the molecular targets of ACA led to development of radiobinding assays 
with radiolabelled human autoantigen. The use of either in vitro translated 35S-21OH 
(Falorni et al, 1995, 1997; Colls et al, 1995) or 125 I-21OH (Tanaka et al, 1997) has enabled the 
demonstration that 21OH autoantibodies (21OHAb) have a high diagnostic sensitivity and 
specificity for AAD, being detected in over 95% of cases with clinically idiopathic adrenal 
insufficiency. The major epitopes recognised by human 21OHAb are located in the central 
and COOH-terminal domains of the enzyme. In addition, naturally occurring mutations, 
associated with the development of congenital adrenal hyperplasia, inhibit the binding of 
human autoantibodies to recombinant 21OH (Chen et al, 1998, Nikoshkov et al, 1999). In vitro 
studies (Furmaniak et al, 1994) have shown that 21OHAb may inhibit the enzymatic activity 
of the autoantigen, but this finding has not been confirmed in vivo, during the natural 
history of the disease (Boscaro et al, 1996; Laureti et al, 2002).  
Similarly to other organ-specific autoantibodies, 21OHAb have no major pathogenic role in 
the development of adrenal insufficiency, as they can be detected in approximately 1/200 
healthy subjects who do not necessarily progress towards clinical adrenal insufficiency. 
During pregnancy, 21OHAb cross the placental barrier, but do not determine any sign of 
clinical or pre-clinical adrenal insufficiency in the newborn (Betterle et al, 2004). Hence, 
21OHAb are a highly senstive and specific immunological marker of the ongoing adrenal 
autoimmune process, but do not act as an effector of the destructive autoimmune process.  
Our group has recently shown that 21OHAb are predominantly IgG1, with a minor 
expression of IgG2 and IgG4, which demonstrates a Th1-oriented type of immune response 
(Brozzetti et al, 2010a). However, approximately 10% of AAD patients express IgG4-
21OHAb in the absence of IgG1 (Brozzetti et al, 2010a). This type of IgG subclass selection 
reveals a more Th2-oriented type of activation. At present, it is still unclear whether this 
distinct subgroup of patients with a more Th2-oriented type of immune response represents 
a different population of AAD subjects or is the expression of a different stage of the natural 
history of the disease. 
 Although 17OHAb and P450sccAb can be detected in a small fraction of patients with AAD, 
these markers are more frequently present in patients with APS 1 or in women with 
autoimmune oophoritis which causes autoimmune ovarian insufficiency (see paragraph on 
Ovarian Autoimmunity) (Betterle et al, 1999; Perniola et al, 2000; Falorni et al, 2002a).  
Diagnosis of PAI is based on clinical ground and hormonal determination, but the ethiologic 
diagnosis of AAD requires detection of circulating 21OHAb, by using a radiobinding assay. 
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and/or type 1 diabetes mellitus (T1DM). APS 3 would be the association of thyroid 
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Autoantibody titer is also important, because the presence of low titre adrenal 
autoantibodies does not enable the unequivocal diagnosis of AAD in all cases (Falorni et al, 
2004). ACA and 21OHAb have sporadically been found also in patients with unequivocal 
post-tuberculosis Addison’s disease (Nomura et al, 1994; do Carmo Silva et al, 2000). A flow-
chart for the etiological classification of PAI, that takes into consideration immunological, 
biochemical and imaging data, has been developed by the Italian Addison Network (Falorni 
et al, 2004). Published data indicate that the diagnostic accuracy of the 21OHAb assay is 
higher than that of the ACA-IIF (Falorni et al, 2004), and 21OHAb is currently the gold 
standard for detection of adrenal autoantibodies. In the case of a simultaneous presence of 
both ACA and 21OHAb, the probability of an accurate diagnosis of AAD is higher than 99% 
(Falorni et al, 2004). All patients with AAD should undergo additional autoantibody 
analyses, such as thyroid autoantibodies, GAD autoantibodies (GADA), steroid-cell 
autoantibodies (StCA), 17OHAb, P450sccAb or parietal cell autoantibodies, as 
approximately two thirds of AAD patients show clinical or pre-clinical signs of another 
autoimmune disease. Autoimmune AAD can be diagnosed also in the presence of medium-
high levels of either 21OHAb or ACA (Falorni et al, 2004). In the case of patients positive 
only for 21OHAb or ACA at low levels, as well as in autoantibody-negative subjects, adrenal 
imaging should be performed to exclude an infiltrative form of adrenal insufficiency (such 
as post-tuberculosis, sarcoidosis, mycosis or metastatic localization of non-adrenal tumours) 
(Falorni et al, 2004). In male patients negative for both adrenal autoantibody measurement 
and  adrenal imaging analysis, determination of plasmatic very long chain fatty acids 
(VLCFA) must be performed to exclude X-linked adrenoleukodystrophy (ALD).  
At present, no clear and standardised cut-off is available to discriminate between low and 
medium-high level autoantibody titers and worskhops for the standardization of adrenal 
autoantibody assays are strongly needed. In a first international serum exchange to compare 
the results of 21OHAb determination in four independent laboratories, a good positive-
negative concordance was observed, but major discrepancies emerged in quantitation of 
autoantibody titre (Falorni et al, 2011). A European program for the standardization of 
21OHAb assay is currently being organised, and is expected to be completed within 2012.  
Screening of subjects with endocrine autoimmune diseases for the presence of 21OHAb 
enables the identification of subjects with so-called preclinical AAD, which is characterised 
by the presence of adrenal autoantibodies in the absence of clinical signs of adrenal 
insufficiency and in the presence of normal basal cortisol concentrations. In patients with 
autoimmune diseases, 21OHAb can be detected in around 0.5-1.5% T1DM patients, 0.5-1.5% 
patients with autoimmune thyroid diseases, 0.5-1.0% patients with vitiligo and in 4-8% 
women with primary ovarian insufficiency (Betterle et al, 2002). 21OHAb-positive 
individuals exhibit a variable degree of adrenal dysfunction that can be classified in four 
different stages (Betterle et al, 1988).  
Stage 0 indicates the apperance of adrenal autoantibodies, as a sign of the ongoing adrenal 
autoimmune process. 21OHAb appears before ACA, and lasts longer than ACA, during the 
natural history of the disease.  
Often the first dysfunction observed as a consequence of the  progression of the 
autoimmune process is an initial increase of plasmatic renin activity (PRA), at a time when 
normal ACTH-cortisol axis response is still present (stage 1). In stage 2, an impaired response 
to the ACTH stimulation test is documented, while the final stage 3 represents the pre-
clinical stage characterized by increased basal ACTH levels, along with the dysfunctions 
observed in stage 1 and 2.  
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No preventative therapy is yet available to delay or block the progressive destruction of 
adrenocortical cells in pre-clinical AAD. An Italian study has shown that an 
immunosuppressive therapy with high-dose corticosteroids for the treatment of Graves’ 
ophthalmopathy had been able to revert a stage 2 pre-clinical AAD in a 21OHAb-positive 
individual (De Bellis et al, 1993). As a result of the treatment, disappearance of adrenal 
autoantibodies and normalization of both ACTH-cortisol and PRA-aldosterone axis function 
was observed and maintained for over 10 years at follow-up (De Bellis et al, 1993). However, 
the possibility to revert an advanced pre-clinical adrenal insufficiency by high-dose steroid 
immunosuppression has not yet been confirmed in other independent studies and it is not 
recommended for the sole purpose of preventing the progression towards clinical AAD.   
Among the factors associated with progression towards clinical adrenal insufficiency are 
adrenal autoantibody levels that tend to increase during the progression of the adrenal 
dysfunction (Betterle et al, 1997).  
Approximately 80% of patients with stage 0 and stage 1 do not progress to clinical AAD and 
may show a spontaneous remission of the pre-clinical dysfunction (Laureti et al, 1998). On 
the other hand, no such spontaneous remission seems to occur in patients with stage 2 and 
stage 3, in whom progression to clinical AAD is observed in over 95% of cases. A 
matematical formula that takes into consideration all known factors influencing risk of 
progression towards clinical AAD has been generated (Coco et al, 2006). 
In subjects positive for 21OHAb and/or ACA, an ACTH stimulation test discriminates 
between a potentially reversible and an irreversible stage of the pre-clinical dysfunction. It 
has been shown that the high-dose 250 g of synthetic ACTH used in the classical ACTH 
test (HDT) is supra-maximal and that as little as 1 g of synthetic ACTH can determine a 
maximal stimulation of the adrenocortical cells (Arvat et al, 2000). The low-dose test with 1 
g of ACTH (LDT) has a high diagnostic sensitivity and specificity for pre-clinical adrenal 
dysfunction and can substitute the classical high-dose test (Laureti et al, 2000, 2002). An 
ongoing European multicenter study is currently testing the diagnostic accuracy and the 
predictive value of a 0.5 g low-dose ACTH test.   
Among the factors increasing significantly the risk of progression towards clinical adrenal 
insufficiency, in subjects with subclinical AAD, the most important are: male gender, 
presence of other concomitant autoimmune diseases, impaired response to the LDT and a 
high 21OHAb titer (Coco et al, 2006). HLA-DR3-DQ2, DR4-DQ8 and CTLA-4 gene 
polymorphism are significantly associated with appearance of 21OHAb, but do not 
influence the natural history of the disease and do not predict future clinical adrenal 
insufficiency (Coco et al, 2006; Falorni et al, unpublished data). Homozygosity for MICA5.1 
was found to increase significantly the risk of progression towards clinical adrenal 
insufficiency (Barker et al, 2005), but larger, prospective studies are needed to confirm this 
finding. Because of the high predictive value of 21OHAb for future AAD, which is higher 
than 30% at 10 years of follow-up, screening of patients with ongoing endocrine 
autoimmune diseases with this marker is recommended to identify subjects with pre-clinical 
adrenal insufficiency. 

3. Genetics of autoimmune adrenal insufficiency 
Autoimmune Regulator (AIRE) is the causative gene for APS1 (The Finnish-German 
APECED Consortium, 1997). The AIRE gene product, Aire, acts as a strong activator of 
transcription (Pitkänen et al, 2000, 2001; Björses et al, 2000). Over 60 disease-associated 
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mutations of the AIRE gene have been so far identified. Many mutations are located in the 
homogeneously staining region (HSR) in the N-terminal end of the protein. Other 
mutations, such as C311Y, P326Q, L397fsX478 are located in the plant homeodomain zinc 
finger 1 and 2, while only a few mutations, such as G228W or R257X have been identified in 
the DNA binding motif (Bottomley et al, 2001). It has been reported that a kindred carrying 
the G228W variant presented with an autosomal dominant autoimmune phenotype 
manifesting predominantly with thyroidits and distinct from APS1 (Cetani et al, 2001). The 
generation of a G228W-knocking mouse model showed that this AIRE variant acts in a 
dominant-negative manner causing a unique autoimmune syndrome (Su et al, 2008).  
Disease-associated AIRE mutations are highly conserved within defined geographical areas. 
The R257X is the most frequently found mutation in Northern Italy and in Finland, while 
964del13 is the most common mutation in the UK. In Sardinia, R139X is the typical AIRE 
mutation found in APS 1 patients. 
Outside APS1, AAD shares many predisposing genetic factors with other endocrine 
autoimmune diseases that are components of APS2, such as thyroid autoimmune diseases and 
T1DM, the major genetic markers associated with the diseases beeing located in the HLA 
region on chromosome 6. The disease is strongly and positively associated with both HLA-
DRB1*0301-DQA1*0501-DQB1*0201 (DR3-DQ2) and DRB1*04-DQA1*0301-DQB1*0302 (DR4-
DQ8) (Falorni et al, 2008). The HLA-DRB1*01-DQA1*01-DQB1*0501 and DRB1*13-DQA1*0103-
DQB1*0603 haplotypes are negatively associated with genetic risk for AAD. Several studies 
have shown that the association of HLA class II haplotypes is still highly significant in patients 
with isolated AAD and does not depend on the coexistence of other autoimmune disorders in 
the same patient. DRB1-*0404 was more frequent among DRB1*04-positive AAD patients from 
US (Yu et al, 1999) and Norway (Myhre et al, 2002) as compared to both DRB1*04-positive 
healthy control subjects and DRB1*04-positive T1DM patients. The DRB1*0401 subtype was 
strongly and positively associated with T1DM, but not with AAD (Yu et al, 1999; Myhre et al, 
2002). However, an Italian study from our group (Gambelunghe et al, 2005) did not confirm 
this hypothesis. In that study (Gambelunghe et al, 2005), it was observed that no statistically 
different distribution of DRB1*0401 and DRB1*0404 was detectable among T1DM patients and 
AAD patients. On the other hand, it was observed that the DRB1*0403 subtype, which was 
already known to confer strong protection for T1DM, was absent among 56 DRB1*04-positive 
AAD patients, but present in 27 % DRB1*04-positive healthy control subjects, thus conferring 
protection also for the development of AAD.     
Other HLA genes contribute to the risk for AAD, among which the MHC class I chain-
related A (MICA) gene polymorphism. The MICA gene encodes for a ligand for an 
activating receptor (NKG2D) present on  T cells, CD8+CD28-  T cells, natural killer cells 
and CD4+CD28-  cells and is located within the HLA class III region. There are 
speculations that MICA gene polymorphism might influence affinity for the NKG2D 
receptor. AAD is strongly associated with the transmembrane MICA 5.1 allele, with odds 
ratio similar to those observed for HLA class II haplotypes (Gambelunghe et al, 1999; Park et 
al, 2002). MICA6 appears to be negatively associated with disease risk for AAD 
(Gambelunghe et al, 1999).  
Though the association of MICA with AAD appears to be independent from that with HLA 
class II haplotypes, the strong linkage disequilibrium existing within the DRB1*03-
DQA1*0501-DQB1*0201-MICA5.1-HLA-B extended haplotype has so far limited the 
possibility to discriminate the relative contribution of each gene marker and further studies 
on large populations are needed to provide an answer to this specific question. 
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Similarly to T1DM and other autoimmune diseases, the genetic background for AAD 
includes also other genes believed to modulate the function of the immune system. The 
CTLA-4 gene polymorphism and the PTPN22 gene polymorphism have been found to 
modulate genetic risk for AAD (Falorni et al, 2008; Skinningsrud et al, 2008a). A recent 
metanalysis of European studies has confirmed that the CTLA-4 Ala 17 polymorphism is 
strongly associated with genetic risk for AAD, independentenly from the well known 
association with the polymorphism of HLA class II genes (Brozzetti et al, 2010b). 
Two independent European studies have shown the association of the class II transactivator 
(CIITA) (also denominated MHC2TA) gene with AAD (Ghaderi et al, 2006; Skinningsrud et 
al, 2008b). Modulation of the expression of HLA class II determinants in antigen-presenting 
cells may represent a critical factor in the activation and maintenance of the organ-specific 
autoimmune process and genetic factors that may influence such expression may have an 
important role on the pathogenesis of autoimmune diseases. The regulatory factor X 
complex (RFX) and CIITA are essential and specific for activation of class II promoters 
(Durand et al, 1997; Masternak et al, 1998; Reith  & Mach, 2001; Nekrep et al, 2002). More 
specifically, the class II expression on antigen presenting cells is under the control of CIITA, 
that exhibits cell-specific, cytokine-inducible and differentiation-specific expression and is 
expressed in the same cells that express class II molecules, such as B cells, monocytes, 
dendritic cells and activated T cells. The genetic association of CIITA with AAD appears to 
be independent from that with HLA gene markers.  
Other reported AAD genetic associations include the vitamin D receptor and the CYP27B1 
(25-hydroxyvitamin D3-1-hydroxylase) gene and the NACHT leucine-rich-repeat protein 1 
(NALP1) gene (Magitta et al, 2009). 

4. Pathophysiology of AAD 
No model of spontaneous autoimmune primary adrenal insufficiency is yet available. 
Experimental autoimmune adrenalitis has been induced in mice, guinea pigs, rats and 
monkeys by injection of adrenal homogenates mixed with adjuvants (Betterle et al, 2002), with 
a resulting delayed type of hypersensitivity to adrenal antigens, rather than the induction of an 
adrenal autoimmune process. No conclusive data are yet available on the possibility of 
inducing an autoimmune reaction by injecting the major adrenal autoantigen 21-hydroxylase. 
The current unavailability of a reliable animal model of spontaneous adrenal autoimmunity 
similar to the human disease, has so far limited the studies on the pathophysiology of AAD. 
Major efforts are being profused to develop an animal model of AAD that may prove useful 
for the understanding of the molecular mechanisms responsible for the human disease. 
The effector cells of the autoimmune-mediated destruction of adrenocortical cells are 
thought to be T lymphocytes (Hayashi et al, 1989; Freeman & Weetman, 1992). Nerup et al., 
1969, 1970, showed that patients with autoimmune adrenal insufficiency have T cells 
reactive against fetal adrenal extracts or adrenal mitochondrial fraction. Subsequently, it 
was shown that patients with recent-onset AAD have an increased expression of circulating 
Ia-positive T cells when compared to healthy control subjects (Rabinowe et al, 1984). 
Freeman & Weetman, 1992 were able to demonstrate T cell proliferation in response to 
stimulation with adrenal proteins fractionated according to molecular weight. Patients with 
autoimmune polyendocrine syndrome type II, but not individuals with isolated Addison’s 
disease,  seem to have CD4+CD25+regulatory T cells with defective suppressive capacity 
(Kriegel et al, 2004; Coles et al, 2005).  
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Although several studies support the hypothesis of a major role of cellular immunity in the 
autoimmune destruction of the adrenocortical cells in Addison’s disease, little is known of 
the individual antigens recognised by autoreactive T cells. Husebye et al. immunized 
BALB/c and SJL mice with recombinant 21OH and showed a selective significant 
proliferative response of T cells from lymph nodes against the peptide 342-361 of 21OH that 
corresponds to the substrate binding site of the enzyme (Husebye et al, 2006).  
Among Th cell subtypes, two main subtypes, denominated Th1 and Th2, are recognized. 
AAD is thougth to result from an unbalance of Th1/Th2 responses with a predominance of 
Th1 activity. Chemokines produced at the site of inflammation participate by recruiting T 
cells and by sustaining the immune reaction (Rotondi et al, 2007). Th1 cells mainly express 
CXCR3 and are recruited at the site of inflammation by CXCL9, CXCL10  and CXCL11. Th2 
cells express different chemokine receptors, such as CCR4 and CCR8, thus being recruited in 
target tissues by CCL17, CCL22 and CCL1. The existence of an important IFN--mediated 
pathogenetic loop has been proposed for endocrine autoimmunity, as release of CXCR3-
binding chemokines is stimulated by IFN- and, in turn, these chemokines recruit Th-1 cells 
that produce IFN-(Rotondi et al, 2007).  
In one report concerning the role of serum CXCL10 in AAD, serum levels of CXCL10 were 
significantly increased in patients with either clinically evident or subclinical adrenal 
insufficiency, as compared to healthy control subjects (Rotondi et al, 2005). The absence of a 
gender-related effect in AAD, either isolated or occurring within APS-2, suggested that 
autoimmune adrenalitis by itself was responsible for the high circulating levels of CXCL10. 
In the same study (Rotondi et al, 2005), it was also shown that release of CXCL10 by primary 
cell cultures of human zona fasciculata cells (hZFC) was undetectable basally, but 
significantly induced by stimulation with IFN- or IFN- plus TNF-, while stimulation of 
hZFC with TNF- alone was not able to induce chemokine secretion. Interestingly, 
increasing concentrations of hydrocortisone progressively and significantly inhibited IFN--
induced and IFN-- plus TNF--induced CXCL10 secretion (Rotondi et al, 2005). 
The inhibitory effect of glucocorticoids on chemokine production is in line with their 
antiinflammatory and immunosuppressive actions. Glucocorticoids are able to suppress the 
production of several cytokines and chemokines by inhibiting the nuclear factor-B and by 
activating protein-1 transcription factor families (Karin, 1998).  
More recently, increased serum levels of Th1-related chemokines CXCL10 and macrophage 
inflammatory proteins 1alpha (CCL3/MIP-1alpha) and of the Th2- related chemokine 
macrophage inflammatory proteins 1 beta (CCL4/MIP-1beta) were observed in patients 
with AAD, which confirms the role of these chemokines in the autoimmune pathology of 
adrenal gland through the recruitment in loco of Th1 and Th2 cells (Bellastella et al, 2011).  
Based on the above described body of evidence, we can hypothesize that Th1 cells play a major 
pathogenetic role, while autoantibody production is a side effect with no pathogenic relevance. 
The decrease in Treg activity is probably one of the main mechanisms at the basis of the 
unbalanced activity of Th1 cells. The active role of the adrenocortical cells in modulating the 
autoimmune inflammation, by producing Th1-attracting chemokines and cortisol, should not 
be underestimated. Based on knowledge derived from studies on ovarian autoimmunity 
(Samy et al, 2005), it is likely that the continuous drainage of autoantigens to regional lymph 
nodes be essential to maintain an adequate activity of antiinflammatory Treg cells and that the 
reduced activity of Tregs and the unbalance Th1/Th2 ratio observed in human endocrine 
autoimmunity occur at the site of regional lymph nodes. 
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5. Ovarian autoimmunity 
Although it has been proposed that up to 30% of cases of primary ovarian insufficiency 
(POI) would have an autoimmune origin (Meskhi et al, 2006; Calongos et al, 2009), a more 
accurate estimate indicates that a documented ovarian autoimmune reaction is  present in 
not more than 4-5% of women with ovarian insufficiency (Hoek et al, 1997; Bakalov et al, 
2005).  
Similarly to the study of adrenal autoimmunity, the unavailability of an animal model of 
spontaneous autoimmune oophoritis has limited the possibility to define the molecular 
mechanisms of immune-mediated ovarian insufficiency. The animal model of neonatal 
thymectomy has proven instrumental to unravel the critical role of CD4+CD25+ regulatory T 
(Treg) cells (Samy et al, 2006) in suppressing autoimmune processes in regional lymph 
nodes, under a continuous stimulation by autologous antigens (Samy et al, 2005). The 
ovarian autoantigen identified in the animal model of neonatal thymectomy is the ooplasm-
specific MATER (Maternal Antigen That Embryo Requires)  protein.  
Immunization of mice with a peptide of inhibin alpha chain induced an initial increase in 
fertility, mediated by high serum levels of inhibin alpha neutralizing antibodies, that 
prevented inhibin-mediated downregulation of activin-induced FSH release (Altuntas et al, 
2006). In a second, delayed phase, the activation of CD4+ T-cells resulted in a lymphocytic 
infiltration of the ovary that occurred in parallel with a progressive decrease in fertility and 
ovarian function (Altuntas et al, 2006).  
However, it is still unclear to what extent these animal models are similar to human 
autoimmune POI.  
Several lines of evidence support the autoimmune origin of a fraction of POI cases. Some 
autoimmune diseases are more frequent in women with POI than in the general population, 
and, conversely, POI occurs more frequently in women affected by some autoimmune 
diseases than in other women. Approximately 15% of women with POI present with 
autoimmune thyroiditis (Hoek et al, 1997) and the frequency of POI is higher in women with 
T1DM than in the general population (Hoek et al, 1997). However, it must be noted that 
biochemical and/or ultrasound signs of thyroiditis can be detected in 10-15% women in the 
general population and that the concomitant association of POI and thyroiditis or POI and 
T1DM in the same woman does not justify per se a diagnosis of “autoimmune POI”. Surely 
more relevant is the association between POI and AAD (Betterle et al, 2002; Hoek et al, 1997; 
Falorni et al, 2002b). Approximately 4-8% of women with POI are positive for circulating 
adrenal autoantibodies, a frequency significantly higher than that expected in the general 
population (<0.5%) (Betterle et al, 2002; Falorni et al, 2002b). On the other hand, 10-20% of 
women with AAD develop POI before the age of 40 years (Betterle et al, 2002).  
The existence of ovarian autoantibodies was first shown in the 1960’s in studies that used 
indirect immunofluorescence on cryostatic sections of adrenal, ovary, testis and placenta 
(Blizzard et al, 1967; Irvine & Barnes, 1974). Subsequent studies have repeatedly confirmed 
the existence of ovarian autoantibodies in women with POI (Sotsiou et al, 1980; Elder et al, 
1981; Ahonen et al, 1987; Betterle et al, 1993). Ovarian autoantibodies detected by indirect 
immunofluorescence cross-react with autoantigens expressed in other tissues, mainly the 
adrenal cortex, the testis and the placenta, which indicates that the autoantigen(s) 
recognized by these autoantibodies are not restricted to the ovary, but expressed also in 
other organs. Hence, a more correct definition of these autoantibodies is that of Steroid-Cell 
Autoantibodies (StCA). Interestingly, although all the tissue components are present in the 
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ovarian cryostatic sections used for the autoantibody assay, the immunofluorescence pattern 
of StCA is restricted to the theca cells of the growing follicle with no staining of primary 
follicles or granulosa cells in secondary and tertiary follicles. The same autoantibodies stain 
specifically Leydig cells of the testis.   
Although indirect immunofluorescence is still the most widely used method to detect 
ovarian autoantibodies in clinical practice, the accuracy of this method has been questioned, 
mostly because of a low diagnostic specificity (Novosad et al, 2003). Some of the 
autoantigens recognised by StCA have been identified as the steroidogenic enzymes 17-
hydroxylase (17OH) and side-chain cleavage (P450scc) (Chen et al, 1996; Perniola et al, 2000; 
Falorni et al, 2002b). The development of immunoradiometric assays, using in vitro 
translated recombinant human 35S-radiolabelled autoantigens, have enabled the estimate of 
the diagnostic sensitivity and specificity of 17OHAb and P450sccAb for autoimmune POI 
(Chen et al, 1996; Perniola et al, 2000; Falorni et al, 2002b).  
17OHAb and P450sccAb are each present in 50 to 80% of women positive for StCA (Chen et 
al, 1996; Perniola et al, 2000; Falorni et al, 2002b). Over 90% of StCA-positive women are 
positive for 17OHAb and/or P450sccAb, which is demonstrating that 17OH and P450scc are 
major targets of StCA, but other autoantigens may also be recognized by a subset of StCA.  
StCA, 17OHAb and/or P450sccAb can be detected almost exclusively in women with POI 
who are also positive for adrenal autoantibodies, most specifically 21OHAb. The association 
of steroid-cell autoimmunity with adrenal autoimmunity is so strong that 21OHAb appear 
to be the marker at highest diagnostic sensitivity for autoimmune POI (Perniola et al, 2000; 
Falorni et al, 2002b, Bakalov et al, 2005). Since only less than 0.5% of women with POI can be 
found positive for StCA in the absence of 21OHAb, 17OHAb or P450sccAb, we can conclude 
that unequivocal biochemical signs of ovarian autoimmunity against steroidogenic enzymes 
are present almost exclusively in women with clinical or pre-clinical AAD.  
Several studies have demonstrated that an autoimmune oophoritis can be found at ovarian 
biopsy only in women positive for ovarian and/or adrenal autoantibodies (Irvine, 1980; 
Gloor & Hurlimann, 1984; Sedmak et al, 1987; Bannatyne et al, 1990; Hoek et al, 1997; 
Bakalov et al, 2005), thus confirming that steroidogenic cell autoantibodies identify women 
with an ongoing ovarian autoimmune process. On the other hand, in the absence of ovarian 
and adrenal autoantibodies, no histological sign of autoimmune infiltration can typically be 
detected at ovarian biopsy, even in women who present with other autoimmune diseases, 
such as thyroiditis, T1DM, inflammatory bowel disease or systemic lupus erithematosus. 
Accordingly, a classification of autoimmune POI cannot be based only on the presence of 
other autoimmune manifestations, in the absence of specific autoantibodies in the serum.  
Autoimmune oophoritis is characterized by a selective mononuclear cell infiltration into the 
theca layer of large, antral follicles, with earlier stage follicles consistently free of 
lymphocytic infiltration (Hoek et al, 1997; Bakalov et al, 2005). This finding is in line with the 
selective staining of theca cells at the indirect immunofluorescence assay and confirms that 
the steroidogenic cell ovarian autoimmune process is mainly directed against theca cells.   
The absence of steroidogenic cell autoantibodies does not exclude the possibility that other 
autoantibodies may be present and other autoimmune mechanisms may be active. Many 
other potential autoantigens, such as LH receptor (Moncayo et al, 1989), FSH receptor (Ryan 
& Jones, 2004), zona pellucida (Kelkar et al, 2005), 82-86 kDa Ags and 52-63 kDa Ags 
(Wheatcroft et al, 1997) have been proposed as markers of ovarian autoimmunity, but the 
association of these autoantibodies with POI has not been confirmed (Anasti et al, 1995; 
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Tonacchera et al, 2004). Only detection of autoantibodies against steroidogenic enzymes can, 
accordingly, ensure, at present, an accurate identification of women with autoimmune 
oophoritis. Using these autoantibody markers, autoimmunity accounts for approximately 4-
5% of all POI cases.   
Along with the decline of serum concentrations of estradiol, POI is typically characterized 
with a reduction in synthesis and secretion of inhibins (Petraglia et al, 1998) and anti-
müllerian hormone (AMH) (Méduri et al, 2007), as a result of the progressive decline in 
ovarian function. In an initial study of three women with autoimmune POI (Welt et al, 2005) 
this general paradigma was however questioned, as increased serum concentrations of 
inhibin B were detected. This initial finding was confirmed in a subsequent larger study 
(Tsigkou et al, 2008) that demonstrated increased levels of serum inhibin B and total inhibin 
in a group of 22 women with autoimmune POI, as compared to 71 women with idiopathic, 
non-autoimmune POI and 90 healthy fertile women. The results of these studies (Welt et al, 
2005; Tsigkou et al, 2008) led to the formulation of a novel hypothesis of the 
pathophysiology of  autoimmune POI. Differently from other forms of ovarian insufficiency, 
in which a general reduction of ovarian function can be observed, autoimmune POI is 
characterized by the selective autoimmune destruction of theca cells with preservation of 
granulosa cells that produce low amounts of estradiol because of lack of substrates. The 
subsequent increase in FSH levels stimulates viable granulosa cells that, in return, produce 
increased amounts of inhibins.  
AMH levels have been found to be normal in women with hypogonadotrophic amenorrhea 
while they are very low or undetectable in women with physiological menopause or 
hypergonadotrophic amenorrhea (POI) (Méduri et al, 2007; La Marca et al, 2006; Knauff et al, 
2009). AMH is exclusively produced by primary and pre-antral/small antral follicles, and 
the immunohistochemical findings of the absence of an inflammatory reaction around 
primary follicles (Hoek et al, 1997; Bakalov et al, 2005) provided a sound rationale to estimate 
AMH production in women with autoimmune POI. We recently documented normal serum 
AMH concentrations in two-thirds of women with recently diagnosed autoimmune POI (La 
Marca et al, 2009), which provides the first demonstration of the existence of a subgroup of 
women with POI with a preserved ovarian follicle pool for several years. Since AMH is the 
best biochemical marker of residual follicle pool, the results of our study (La Marca et al, 
2009) are highly relevant for the future planning of clinical trials of immunotherapy aimed 
at preserving the residual functional tissue and/or delay the progression of the destructive 
ovarian autoimmune process in women with autoimmune POI. 

6. Conclusions 
Autoimmune Addison’s disease is made evident by the apperance of circulating 21OHAb, 
the gold immune marker for the identification of subjects with an ongoing adrenal 
autoimmune process. The appearance of 21OHAb marks pre-clinical autoimmune 
Addison’s disease, in asymptomatic subjects. In these individuals, the response to the 
ACTH-stimulation test enables the discrimination of an early, potentially reversible phase, 
from an irreversible phase of the disease. 
POI affects around 1% of women below the age of 40 years and the detection of steroid cell 
autoantibodies enables the identification of autoimmune cases. At present, only the 
detection of 21OHAb and 17OHAb or P450sccAb may accurately identify autoimmune cases 
of POI.    
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Although autoantibodies are widely used in clinical practice, they have no pathogenic role 
for either AAD or POI and these diseases are thought to be the consequence of a T-cell 
mediated autoimmune destruction.  
Substitutive therapy of either AAD or POI is not influenced by presence or absence of 
autoantibodies, but identification of autoimmune forms of these disease is nevertheless 
important. Approximately two thirds of AAD patients have at least another associated 
autoimmune disease, either clinical or pre-clinical. Accordingly, screening for other 
autoimmune disorders is mandatory in autoimmune AAD, but not strictly necessary in 
other forms of PAI. More importantly, autoimmune POI has a distinct pathophysiology 
which differs from that of other forms of ovarian insufficiency. Detection of steroid-cell 
autoantibodies enables the identification of subjects with an initially preserved follicle pool.  
No animal models of spontaneous steroid-cell autoimmunity are currently available, and 
there is strong need for the generation of such models that may enable the improvement of 
our understanding of the molecular mechanisms of these diseases. 
During the next few years large multicentric studies are expected to be performed to 
identify subjects at high-risk for developing AAD and clinical trials are being planned with 
the aim of immunomodulate the adrenal autoimmune response and delay progression 
towards clinical AAD. The availability of novel immunological technologies will prove 
instrumental in the molecular characterization of the steroid cell autoantigens and peptides 
recognised by human autoreactive T cells responsible for the adrenocortical cell destruction. 
In addition, epidemiological studies are needed to provide novel insights on the role of 
putative environmental factors.  
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1. Introduction 
Living organisms have regular patterns and routines that involve obtaining food and 
carrying out life-history stages such as breeding, migrating, molting and hibernating. The 
acquisition, utilization, and storage of energy reserves (and other resources) are critical to 
lifetime reproductive success, and this reproductive process could be affected by predictable 
and unpredictable environmental changes (McEwen and Wingfield, 2003; Schneider, 2004). 
Allostasis is achieving physiological stability through change (see details in McEwen and 
Wingfield, 2003); the allostatic state refers to altered and sustained activity levels of the 
primary mediators, i.e., glucocorticosteroids that integrate physiology and associated 
behaviors in response to changing environments and challenges. Focused on these primary 
mediators, particularly in steroid hormones, it has been well accepted for a long time that 
variations (increases) of adrenal glucocorticoids are associated with stress responses. 
Moreover, measuring changes in glucocorticoid concentration (and also in levels of 
adrenaline and noradrenaline) has been the most frequently used strategy to monitor 
physiological responses to stress and distress challenges (Terlouw et al, 1997; Wielebnowski, 
2003; Mormède et al, 2007; Sheriff et al., 2011). In terms of changes in steroid secretory 
patterns in response to a stressor, glucocorticoids are known to change over the course of 
minutes and those levels will subsequently (within hours to days) affect steroid 
reproductive hormones (such as testosterone, estradiol and progesterone) (Sapolsky et al., 
2000).  
While experiencing severe stress, animals, as humans, can succumb to disease or fail to 
reproduce or develop properly (Moberg, 2000). Therefore, animals have evolved a suite of 
physiological and behavioral strategies to cope with environmental changes as well as to 
survive in a particular given time and space (Buchanan, 2000; Romero, 2004). Therefore, 
“environmental endocrinology” has developed in response to the need to understand how 
hormones modulate and control physiological processes in animals exposed to the 
exigencies of their particular natural environment. This has only been possible through 
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spectacular developments in hormone assay techniques, which now make feasible hormone 
measurements on microlitre volumes of body fluids (Bradshaw, 2007). Four biological 
samples have been employed up to the present: blood, saliva, excreta (feces and urine), and 
integumentary structures (hair and feathers), each of them having advantages and 
disadvantages for use with different species and research purposes (Sheriff et al., 2011).  
Blood collection continues being an attractive and reliable technique for steroid analysis; several 
reports for different species are available in the literature, such as for Japanese quail (Arora, 
1979) or chinchilla (Tappa et al, 1989); these species-specific reports provide recommendations on 
safety, ease of collection and repeated collections. However, in a study of endocrine dynamics 
this approach may be impractical because blood extraction is a powerful stressor and it is 
known that within minutes, glucocorticoid secretion is stimulated and gonadal steroid 
secretion declines. For example, blood samples collected only from birds reflect unstressed 
(baseline) glucocorticoid concentrations with a high degree of confidence within less than 2 
minutes (Sapolsky et al., 2000; Romero and Reed, 2005). In addition, when experiments 
involve small animals it is usually difficult to obtain the necessary blood volume, and 
repeated blood sampling can interfere with subsequent hormone measurements, and it may 
even be harmful as it has been reported for chinchilla. In large-sized bird and mammalian 
species, such as Greater Rhea (Léche et al., 2009) and Clouded Leopard (Wielebnowsky et 
al., 2002), blood collection may be dangerous for the operator and certainly stressful for 
animals. Blood sample collection is always a critical procedure in the laboratory, and an 
impractical approach in nature without the aid of auxiliary techniques (such as anesthesia); 
therefore, these “Gold” microliters of plasma/serum are always appreciated by researchers.  
Hormones secreted by adrenal and gonad glands go through the bloodstream to their target 
tissues and cells, where they initiate a change in cellular activity by attaching to a receptor 
protein. Thereafter, steroids are excreted into the bile to undergo metabolic changes in the 
intestinal tract due to the enzymatic activity of the intestinal microflora. Also, enterohepatic 
recirculation of steroid metabolites, with possible further metabolic changes in the liver, is 
known to occur in many species. The reabsorbed metabolites may be excreted in the bile 
again or pass into urine (Taylor, 1971). Evaluating steroid metabolite content and/or profiles 
in either urine or feces represents an alternative technical approach without perturbing 
individuals, populations or animal species. This experimental strategy has been applied to a 
wide range of research goals in captive and free-ranging wildlife, as well as domestic and 
laboratory species. Several reviews focusing on steroid metabolism and the validation of 
particularly fecal steroid assays have been published in the last years (Schwarzenberger et 
al., 1996; Brown and Wildt, 1997; Monfort, 2003; Palme et al., 2005; Schwarzenberger, 2007).  
The obvious advantage of assessing urinary or fecal hormone concentrations is that adrenal and 
gonadal functions can be determined without even touching the animal: the waste is simply recovered 
from the adequately arranged ground or enclosure floor and analyzed in the laboratory. Resulting 
hormonal profiles are generally less “noisy” than those observed after analyzing blood 
because the excretory patterns represent a pool of metabolites rather than reflecting the 
often hour-to-hour fluctuating dynamism quantified in blood (Pukazhenthi and Wild, 2004). 
According to recent reviews, it seems that this approach, noninvasive monitoring, will be 
utilized more than ever when well-focused endocrine issues are addressed and some 
steroids are involved (Palme and Möstl, 2002; Pukazhenthi and Wildt, 2004; Palme, 2005; 
Schwarzenberger, 2007). In fact, international programs have trained science students, 
especially researches from Latin American PhD programs (Swanson and Brown, 2004), as it 
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can found in the reports of Busso et al. (2005a, 2007), Ponzio et al. (2004) in Argentina, of 
Brousset Hernández-Jauregui et al. (2005) in Mexico, and of Moreira et al. (2007) in Brazil. 
Similarly, new studies fully developed in traditionally called developing countries are clear 
evidence of the usefulness of this non-invasive approach (Leche et al., 2009, 2011). 
Furthermore, national funds or grants in these developing countries are becoming available 
to develop this type of noninvasive hormone research; e.g., in Argentina, new doctoral 
fellowships are being granted to support these studies. 
A particular disadvantage of fecal steroid analysis is the presence of a vast number of 
different fecal steroid metabolites even in closely related species. For the development of 
techniques for fecal steroid analysis, experiments on the metabolism of radioactively labeled 
steroids have provided a valuable insight into the metabolism and excretion of hormone 
metabolites via feces and urine (Schwarzenberger, 2007; see discussion below). By contrast, 
steroids voided into urine are not extremely degraded; however, the use of urine steroids 
has the particular disadvantage that urine collection in some animals requires restraint in a 
metabolic cage, surgical interference or rigorous surveillance to collect samples during 
urination (Peter et al., 1996; Monfort, 2003). In non-invasive monitoring of steroid activity, 
several aspects must be considered before undertaking a new study, and/or focusing on a 
new species, or applying a new immunoassay (Millspaugh and Washburn, 2004; Buchanan 
and Goldsmith, 2004; Palme, 2005; Touma and Palme, 2005; Wielebnowski and Watters, 
2007; Hayward et al., 2010).  
When we intend to measure steroid metabolites in excreta, firstly we need to obtain them, 
usually by an extraction technique that should be simple, safe and efficient. Secondly, we 
usually need an immunoassay to detect (accurately, precisely, and specifically) variation of 
steroid levels in the matrix of interest. All these laboratory and validation steps as well as 
interpretation of results are strongly affected by information about steroid metabolism and 
catabolism; animal biological characteristics must be also taken into account (individual 
development, reproductive stage, nutritional strategy, copying strategy, etc.) during result 
analysis. Although we have not focused our revision on these aspects, the reader must be 
aware of them and their importance in the application of non-invasive monitoring.  
As we have addressed steroid excretion, we need to know some aspects about steroid 
excretion before employing some immunoassays to reveal steroid activity: 1) route of 
excretion of each hormone to be evaluated, 2) time-course of steroid secretion in blood-
stream and its clearance into urine and feces, 3) proportion of excreted metabolites during 
biological cycles, 4) identification of steroid metabolites in the matrix selected. These 
variables may be determined by injecting the hormone, usually a radiolabeled steroid or, 
less frequently, a large amount of unlabeled  steroid and tracking their metabolite excretion 
over time. For example, Wielebnowski and Watters (2007) indicate that the types of fecal 
steroid metabolites excreted, the main route of excretion, and the time it takes for 
metabolization and excretion to occur should be identified before selecting an antibody and 
assay system. Normative data on steroid excretion is essential for improving the application 
of non-invasive monitoring; in addition, this information would be an extraordinary source 
of knowledge to compare several aspects of animal environmental endocrinology.  
Therefore, based on updated endocrine data from wild, laboratory and farmed rodents, we 
propose to develop a comparative endocrine survey of the routes of gonadal and 
adrenocortical steroid excretion. In our laboratory, chinchilla were subjected to 
radiometabolism studies of progesterone, corticosterone, testosterone and estradiol (Ponzio 



  
Contemporary Aspects of Endocrinology 

 

376 

spectacular developments in hormone assay techniques, which now make feasible hormone 
measurements on microlitre volumes of body fluids (Bradshaw, 2007). Four biological 
samples have been employed up to the present: blood, saliva, excreta (feces and urine), and 
integumentary structures (hair and feathers), each of them having advantages and 
disadvantages for use with different species and research purposes (Sheriff et al., 2011).  
Blood collection continues being an attractive and reliable technique for steroid analysis; several 
reports for different species are available in the literature, such as for Japanese quail (Arora, 
1979) or chinchilla (Tappa et al, 1989); these species-specific reports provide recommendations on 
safety, ease of collection and repeated collections. However, in a study of endocrine dynamics 
this approach may be impractical because blood extraction is a powerful stressor and it is 
known that within minutes, glucocorticoid secretion is stimulated and gonadal steroid 
secretion declines. For example, blood samples collected only from birds reflect unstressed 
(baseline) glucocorticoid concentrations with a high degree of confidence within less than 2 
minutes (Sapolsky et al., 2000; Romero and Reed, 2005). In addition, when experiments 
involve small animals it is usually difficult to obtain the necessary blood volume, and 
repeated blood sampling can interfere with subsequent hormone measurements, and it may 
even be harmful as it has been reported for chinchilla. In large-sized bird and mammalian 
species, such as Greater Rhea (Léche et al., 2009) and Clouded Leopard (Wielebnowsky et 
al., 2002), blood collection may be dangerous for the operator and certainly stressful for 
animals. Blood sample collection is always a critical procedure in the laboratory, and an 
impractical approach in nature without the aid of auxiliary techniques (such as anesthesia); 
therefore, these “Gold” microliters of plasma/serum are always appreciated by researchers.  
Hormones secreted by adrenal and gonad glands go through the bloodstream to their target 
tissues and cells, where they initiate a change in cellular activity by attaching to a receptor 
protein. Thereafter, steroids are excreted into the bile to undergo metabolic changes in the 
intestinal tract due to the enzymatic activity of the intestinal microflora. Also, enterohepatic 
recirculation of steroid metabolites, with possible further metabolic changes in the liver, is 
known to occur in many species. The reabsorbed metabolites may be excreted in the bile 
again or pass into urine (Taylor, 1971). Evaluating steroid metabolite content and/or profiles 
in either urine or feces represents an alternative technical approach without perturbing 
individuals, populations or animal species. This experimental strategy has been applied to a 
wide range of research goals in captive and free-ranging wildlife, as well as domestic and 
laboratory species. Several reviews focusing on steroid metabolism and the validation of 
particularly fecal steroid assays have been published in the last years (Schwarzenberger et 
al., 1996; Brown and Wildt, 1997; Monfort, 2003; Palme et al., 2005; Schwarzenberger, 2007).  
The obvious advantage of assessing urinary or fecal hormone concentrations is that adrenal and 
gonadal functions can be determined without even touching the animal: the waste is simply recovered 
from the adequately arranged ground or enclosure floor and analyzed in the laboratory. Resulting 
hormonal profiles are generally less “noisy” than those observed after analyzing blood 
because the excretory patterns represent a pool of metabolites rather than reflecting the 
often hour-to-hour fluctuating dynamism quantified in blood (Pukazhenthi and Wild, 2004). 
According to recent reviews, it seems that this approach, noninvasive monitoring, will be 
utilized more than ever when well-focused endocrine issues are addressed and some 
steroids are involved (Palme and Möstl, 2002; Pukazhenthi and Wildt, 2004; Palme, 2005; 
Schwarzenberger, 2007). In fact, international programs have trained science students, 
especially researches from Latin American PhD programs (Swanson and Brown, 2004), as it 

Excretion of Steroid Hormones in Rodents:  
An Overview on Species Differences for New Biomedical Animal Research Models 

 

377 

can found in the reports of Busso et al. (2005a, 2007), Ponzio et al. (2004) in Argentina, of 
Brousset Hernández-Jauregui et al. (2005) in Mexico, and of Moreira et al. (2007) in Brazil. 
Similarly, new studies fully developed in traditionally called developing countries are clear 
evidence of the usefulness of this non-invasive approach (Leche et al., 2009, 2011). 
Furthermore, national funds or grants in these developing countries are becoming available 
to develop this type of noninvasive hormone research; e.g., in Argentina, new doctoral 
fellowships are being granted to support these studies. 
A particular disadvantage of fecal steroid analysis is the presence of a vast number of 
different fecal steroid metabolites even in closely related species. For the development of 
techniques for fecal steroid analysis, experiments on the metabolism of radioactively labeled 
steroids have provided a valuable insight into the metabolism and excretion of hormone 
metabolites via feces and urine (Schwarzenberger, 2007; see discussion below). By contrast, 
steroids voided into urine are not extremely degraded; however, the use of urine steroids 
has the particular disadvantage that urine collection in some animals requires restraint in a 
metabolic cage, surgical interference or rigorous surveillance to collect samples during 
urination (Peter et al., 1996; Monfort, 2003). In non-invasive monitoring of steroid activity, 
several aspects must be considered before undertaking a new study, and/or focusing on a 
new species, or applying a new immunoassay (Millspaugh and Washburn, 2004; Buchanan 
and Goldsmith, 2004; Palme, 2005; Touma and Palme, 2005; Wielebnowski and Watters, 
2007; Hayward et al., 2010).  
When we intend to measure steroid metabolites in excreta, firstly we need to obtain them, 
usually by an extraction technique that should be simple, safe and efficient. Secondly, we 
usually need an immunoassay to detect (accurately, precisely, and specifically) variation of 
steroid levels in the matrix of interest. All these laboratory and validation steps as well as 
interpretation of results are strongly affected by information about steroid metabolism and 
catabolism; animal biological characteristics must be also taken into account (individual 
development, reproductive stage, nutritional strategy, copying strategy, etc.) during result 
analysis. Although we have not focused our revision on these aspects, the reader must be 
aware of them and their importance in the application of non-invasive monitoring.  
As we have addressed steroid excretion, we need to know some aspects about steroid 
excretion before employing some immunoassays to reveal steroid activity: 1) route of 
excretion of each hormone to be evaluated, 2) time-course of steroid secretion in blood-
stream and its clearance into urine and feces, 3) proportion of excreted metabolites during 
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over time. For example, Wielebnowski and Watters (2007) indicate that the types of fecal 
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et al, 2004; Busso et al, 2005a, 2007). Since domesticated chinchilla still share some genomic 
characteristics with their counterparts in the wild, the analysis would serve as an adequate 
example of widely diverse interests (scientific, ecological, economic, cultural and 
emblematic values). Basically, our endocrinological studies contribute with some specific 
data from this particular large rodent to the existing data for other rodents. The information 
provided can be helpful for: 
In situ studies: 1- assessment of ecological phenomena, focused on environmental 
endocrinology, i.e. by quantifying field concentrations of stress hormones in individual 
organisms; 2- identification of healthy individuals from endangered wild populations to 
develop reproductive ex situ programs.   
Ex situ studies: 1- diagnosis of reproductive functions and dysfunctions of valuable farmed 
individuals 2- application of assisted reproductive techniques; 3- improvement of  welfare of 
animal model for studying biomedical research; 4- development of new experimental 
biotypes for the study of hormonal disruptive effects of environmental pollute.  
In general, reviews about those topics have apparently neglected information about rodents. 
These animals are not regarded as threatened mammals, and public appreciation about their 
biological importance is scarce and tends to overlook the ecological role and conservation 
problems of an order representing about 41% of mammalian species (Gippoliti and Amori, 
1998; Amori and Gippoliti, 2001, 2003). However, the order Rodentia is a tremendous 
biodiversity example of life strategies, with more than 2000 species, which encompass a 
staggering diversity of form, behavior and physiology. Additionally, scientists have 
frequently employed several rodent species to conduct research, and have used rodents 
even as animal models for biomedical studies.  

2. Excretion of steroid hormones 
Nowadays, it is widely accepted that basic knowledge of the metabolism and excretion of 
glucocorticoids is necessary for the development of a non-invasive technique to monitor 
adrenocortical activity (Möstl and Palme, 2002). Similarly, information of sex steroid 
metabolism is essential to monitor steroidogenic activity of gonads (Brown et al, 1994). The 
first step in assay development is identifying the excretory routes for each hormone of 
interest; conducting an infusion study would be extremely valuable in domestic and 
nondomestic animals, if captive-held counterparts are available and the tests are feasible 
(Wielebnowski and Watters, 2007), such as the studies performed in domestic chinchilla to 
evaluate wild chinchilla (Busso et al, 2005a, 2007; see further details below). We also accept 
that, in practical terms, it is unnecessary to determine the specific molecular structure of the 
hormones being monitored in each species. However, it is critical to demonstrate that 
fluctuations in the hormone metabolites being measured provide physiologically relevant 
information (Monfort, 2003). Accordingly, it is well accepted that endocrine glands must be 
challenged to monitor their activation, e.g., by injecting ACTH or dexamethasone and 
measuring whether glucocorticoid levels in the tested matrix reflects the predicted changes 
in the blood. The use of a biological test or the so called “biologically relevant tests” (that 
expose an animal to a biological stressor to measure the glucocorticoids in samples) is also 
recommended; this ensures that the noninvasive monitoring will appropriately measure 
glucocorticoids in the field when animals are exposed to genuine stressors (Sheriff et al., 
2011). Several reports may be useful to set up an experimental design for applying a non-
invasive approach (Brown and Wildt, 1997; Wasser et al., 2000; Palme and Möstl, 2002; 
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Buchanan and Goldsmith, 2004; Millspaugh and Washburn, 2004; Palme, 2005; Goymann, 
2005; Klasing, 2005; Palme et al., 2005; Wielebnowski and Watters, 2007).  
Pharmacological and biological relevance tests are truly useful for validating non-invasive 
endocrine monitoring. Nevertheless, such validations should not miss the radiolabelling 
studies, since these allow us to discover, investigate and/or discuss the functional relevance 
of steroids. In fact, steroid receptors and the co-evolution of steroidogenic enzymes and 
steroid-inactivating enzymes had an important role in the evolution of complex regulatory 
networks in vertebrates, contributing to vertebrate survival and diversification in the last 
500 million years (Baker, 1996, 2003). 
Cholesterol is the precursor of the five major classes of steroid hormones. According to their 
number of carbon-atoms, these classes are: progestagens, glucocorticoids (and 
mineralcorticoids, C21); androgens (C19); and estrogens (C18). Because of their common 
precursor cholesterol, they are apparently all structurally related across birds and 
mammalian species; however, they show strong functional differences. Steroid hormones 
bind to intracellular proteins, termed receptors, which function as transcription factors. The 
receptors are specific for a given class of steroid. These receptors are members of the large 
superfamily of nuclear hormone receptors that include different hormones such as 
glucocorticoids, mineralocorticoids, vitamin A, thyroid and retinoids, as well as sex steroids 
(Brown, 1999). It is also well known that steroid hormones are synthesized in a number of 
endocrine tissues, mainly gonads, adrenals, and placenta.   
Steroid hormones are dissociated from their receptors and metabolized by the target cell or the 
liver, which possess enzymes capable of altering the specific steroids and rendering them 
biologically inactive and water soluble. Typically, inactivation involves reduction or removal 
of side chain or attached groups or both, as well as the combination with other molecules 
(conjugation), such as glucose, to form a glucuronide or conjugation with sulfate. The relative 
emphasis on sulfate or glucuronide varies depending on the steroid and/or species (Norris, 
2007). During this inactivation process, steroids are metabolized in the liver and excreted via 
the bile into the gut. Enterohepatic recirculation of steroid metabolites, with possible further 
metabolic changes in the liver, may facilitate steroid metabolite reabsorption; the reabsorbed 
metabolites would be excreted in the bile again or pass into urine. More than 40 years ago, 
Taylor (1971) revised studies on the excretion of steroid hormone metabolites in bile and feces. 
Regarding steroid metabolites, those of the less polar molecules tend to be excreted in bile to a 
greater extent than metabolites of polar steroids; e.g., progesterone metabolites are mainly 
present in bile (and feces). In contrast, hydrocorticortisone (cortisol) is almost completely 
excreted as urinary metabolites. On the basis of evidence reviewed, a hypothesis was 
postulated suggesting that the membrane of the bile canaliculi would have receptor sites 
specific for certain steroids metabolites (Taylor, 1971). The binding of these substances at the 
receptor sites is an obligatory step prior to active transfer of the substances across the 
canalicular membrane. In “primitive” mammals, such as rats and mice, the receptor sites have 
poor specificity and are therefore able to bind metabolites of most steroid hormones. In other 
species, evolution has resulted in a decrease in the number, specificity and binding capacity of 
these sites. Therefore, some steroid metabolites are partially bound and so excreted into bile 
(e.g., progesterone), whereas others are less firmly, or not, bound and therefore return to the 
blood by a passive or active transport. This hypothesis seems to go some way to explaining the 
difference in biliary excretion of steroid metabolites among species, and the excretion of 
different steroids by the same species. Radioinfusions have offered data as new evidence for 
increased caution in the inferences due to differences between species.  
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As pointed out above, it is possible to evaluate gut passage time using radiometabolism 
studies, in which radio-labeled  steroids are usually injected and then clearance of 
radioactivity into urine and faecal compartments is monitored (Brown et al., 1994; Palme et 
al., 1996); this procedure reflects time delay quite precisely and therefore provides a rough 
estimate of the expected delay. The delay time between circulation of steroids in plasma and 
their appearance in urine samples is usually rather short (less than 5 h), but fecal steroid 
metabolites have an appreciable lag time (Palme et al., 1996; Schwarzenberger et al., 1996). 
For example, lag time or time course of fecal excretion may range from less than 30 minutes 
to more than one day, depending on the species, sometimes even within species, depending 
on the activity rhythms of animals (Palme and Möstl, 2002; Monfort, 2003; Palme, 2005). 
Recently, Touma et al. (2003) indicated that metabolism and excretion of corticosterone in 
urine and feces of mice are not only significantly affected by sex, but also by the time of day 
when the radioactive peak was observed (after administration). Several radiometabolism 
studies demonstrated that oestrogens in the form of estradiol and/or estrone are present in 
fecal samples; by contrast, testosterone, progesterone and, especially, cortisol/corticosterone 
are heavily metabolized and the original hormone is barely present in the feces 
(Schwarzenberger, 2007). Therefore, the route of excretion varies considerably among 
species, and among steroids within the same species.  
This chapter focuses on the updated comparative endocrine analysis of the routes of 
excretion of gonadal and adrenocortical steroids, taking into account the published 
information on non-invasive analyses being used by a variety of scientists (e.g., conservation 
biologists, animal scientists) to examine glucocorticoid (i.e., stress hormone) and gonadal 
steroids (i.e. reproductive hormones) secretion in domestic and wild rodents. Also, 
radiolabeled  procedures have also provided useful results for testing the efficiency of 
different protocols for extracting hormones from samples (Schwarzenberger et al, 1996). 

3. Measurements of steroids in rodent excreta: Use of radiolobelled infusions 
for evaluation of corticosterone/cortisol, progesterone, testosterone and 
estradiol catabolism 
Over 40% of mammal species belong to the order Rodentia. While rodents are often thought 
of as just mice and rats, more than 2000 species in this order encompass a staggering 
diversity of form, behavior and physiology. In fact, excluding the human species, the order 
Rodentia is the group of most prosperous modern mammals, occupying very different 
ecological niches in almost all the planet, mostly specialized in rapid reproduction that can 
be adjusted to different circumstances (Conaway, 1971; Young, 1985; Bronson, 1999). At 
present, based on rodent morphology of their lower jaw, living rodents are divided into two 
suborders: the Sciurognathi (squirrel and mouse-like forms) and the Hystriocognathi (cavy-
like forms). Although this classification might still be a matter of debate as well as those 
based on the long-standing division of the insertion patterns of masseter muscles or the 
plane of incisor insertions (Mess et al., 2001; Huchon et al., 2002; Kay et al. 2008), these 
aspects are beyond the scope of present review. We currently support or choose the present 
classification of rodents as squirrel and mouse or cavy-like forms. It has been proposed that 
Rodentia is a monophyletic group; however, several molecular studies have suggested that 
the guinea pig and its relatives (such as Hystriocognathi or cavy-like forms) are closer to 
other orders of mammals than to families of rats and mice. For example, taking into account 
that insulin is a conservative molecule in mammals, as we might think of steroids, 
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Hystricognathi species represent an exception having a very divergent molecule with 
unusual physiological properties among rodents (Opazo et al, 2005). 
In our laboratory, we have been studying aspects of reproductive biology in chinchilla 
(Chinchilla lanigera) for over 15 years (Ponce et al., 1998a, b; Carrascosa et al., 2002; Ponzio et 
al., 2004, 2007a, b, 2008; Busso et al., 2005a, b, c, 2007). This is an interesting taxon, since 
domesticated chinchilla used for the fur industry still share some genomic characteristics 
with their endangered (almost extinct) counterparts. Actually, Chinchilla spp. are critically 
endangered in South American wild populations according to the IUCN (IUCN/SSC 
Rodent Specialist Group): 
 

Wild rodents 
Chinchilla lanigera, a chinchillid from the Cordillera de la Costa and rocky Andean 
slopes of Chile (400-2500 m asl), which is threatened by the fur trade and habitat loss due 
to overgrazing, firewood collection, and mining.  
 
Chinchilla brevicaudata, another chincillid from the central Andean region of Peru, 
Bolivia, Argentina, and Chile. This species inhabits at higher altitudes (over 3,000 m asl), 
and is also threatened by the fur trade. Although its actual status is poorly known, it is 
already extinct in Argentina and Peru and probably is facing extinction in other parts of 
its range. 
 
The Convention on International Trade in Endangered Species of Wild Fauna and Flora 
(CITES), lists in Appendix I all South American populations of Chinchilla, but no other 
rodents. According to Lidicker (IUCN/SSC Rodent Specialist Group, 1989), these listings 
by IUCN and CITES do not mean for sure that the populations of most rodent species are 
in good health, but only that we know very little about them. 

Box 1. a status in nature must be verified in CITES and IUCN before start a new 
radiolabelled steroid infusion  

Back to steroid hormones, most of the knowledge about endocrine modulation of 
reproductive physiology in Chinchilla spp. has been derived from studies in females 
(Tam, 1971, 1972; Brookhyser and Aulerich, 1980; Gromadzka-Ostrowska and Sylarska- 
Gozdz, 1984; Gromadzka-Ostrowska et al., 1985). With respect to the male endocrine 
reproductive physiology, Cepeda et al. (2006) obtained a plasma testosterone profile 
during the annual reproductive cycle, showing that endocrine activity increased 
immediately before the breeding season. Other studies performed using blood sampling 
have also been reported in chinchilla (Brookhyser et al., 1977; Tappa et al., 1989); 
however, serial samples taken over time induced injury in some animals. Alternatively, 
we validated a tool for non-invasively assessing endocrine testicular and ovary activity 
as well as adrenocortical activity by detecting hormone changes in excreta (Ponzio et al., 
2004; Busso et al., 2005a, 2007). 
We subjected some males and females to radiometabolism studies of testosterone, and 
progesterone and estradiol, respectively; we also studied corticosterone excretion in males. 
Firstly, after assessing 14C-testosterone metabolite excretion in male chinchilla (Busso et al., 
2005a), several urinary and fecal androgen metabolites were separated by HPLC for their 
identification, but only fecal metabolites were associated with native testosterone. More than 
one metabolite derived from 14C-testosterone showed  immunoreactivity and further 
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biochemical and biological tests demonstrated that the employment of excreta would be 
useful to assess endocrine testicular function in this species. In female chinchillas, we also 
performed radiolabeled  infusion of 3H-estradiol and 14C-progesterone, but in contrast to 
testosterone assessment, natural steroids were evaluated (were separated by HPLC-UV) in 
urinary and fecal extracts from pregnant individuals. This is a particular protocol to avoid 
the use of radioactive material in technical procedures, as normally expected at present. 
Chromatographic analyses demonstrated that most peaks were associated with the polar 
mobile phase in urine, whereas in feces, there were both polar and non-polar peaks. All 
HPLC fractions were individually analyzed by UV detector and by estradiol or progesterone 
immunoassays. These experiments suggest that chinchillas excrete native forms of 
progesterone and estradiol in low concentrations in urine and feces, whereas only 
progesterone-derived metabolites appear to be present in both excreta (Busso et al., 2007). 
Figure 1 depicts reproductive endocrine normative data with respect to route of steroid 
excretion in chinchilla (Hystricognathi rodent).  
 

 
Fig. 1. Characterization of testosterone metabolite excretion in urine and feces after isotope 
administration (i.m.) in chinchilla males (n = 4; details in Busso et al. 2005a). Similarly, 
estradiol and progesterone metabolite excretion in excreta after isotope administration (i.p.) 
in chinchilla females (n = 4; details in Busso et al. 2007).  

Furthermore, in the same experimental model, we also established that the urinary route of 
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revealed that most corticosteroids are excreted as readily hydrolysable steroid conjugates of 

Excretion of Steroid Hormones in Rodents:  
An Overview on Species Differences for New Biomedical Animal Research Models 

 

383 

cortisol. Results shown together with data on corticosterone excretion in Figure 1 clearly 
demonstrate that urine is the main route, except for progesterone, where radioactive 
metabolites were almost equally found in urinary (45.5 ± 13.5%) and fecal extracts (56.2 ± 
4.9%). As expected, radioactive peaks generally appeared earlier in urine than in feces. 
However, estradiol and progesterone radioactive metabolite time-courses showed great 
individual differences between 24-48 h post infusions, the highest percentages of excreted 
radioactive metabolites being detected during 48h post-infusion. 
Interestingly, based on these results from our radiometabolism studies and those reported for other 
rodents subjected to radiolabeled  infusion up to this moment, we considered that the route of steroid 
metabolite excretion varies depending on the rodentia suborder. Therefore, it was proposed that the 
urinary route is preferential in Hystrichomorpha (chinchilla and guinea pigs; currently considered 
cavy-like forms) while in the Sciurognathi (squirrel and mouse-like forms, formerly considered 
Sciumorpha or Myormorpha suborders), the primary excretory route is the feces (Busso et al., 2006, 
Ponzio et al., 2006). 
To our best knowledge, Taylor (1971) provided the best compilation of radiometabolism 
studies in mammalian species reported in the literature up to the present. Two of Taylor’s 
major conclusions are relevant for our purposes: a) different steroids are excreted to 
different extents in urine and feces; this is evident, for example, in our comparative 
endocrinological studies in chinchilla (see Figure 1); and b) the same steroid is excreted to 
different extents in urine and feces of different species; reports revised by Taylor in the 
1970s and most of the reports published thereafter are included in Figure 2. In this 
illustration our compilation is arranged according to our hypothesis of preferential route of 
steroid metabolite excretion in Rodentia suborders (see details in legend). It can be useful to 
take into account certain physical-chemical natural characteristics of steroids; considering 
the physico-chemical characteristics of steroid polarity, steroids are firstly shown in Figure 2 
according to their water solubility (considering that steroids are heavily metabolized and 
the original hormone is barely present, particularly in the feces). Anyway, according to 
recent revisions, taxonomic relatedness does still little to predict the precise nature of 
metabolites or their relative routes of excretion (urine versus feces; Palme et al. 2005; 
Schwanzenberger, 2007).  

3.1 Hystricognathi (cavy-like forms) 
Both Guinea pigs and chinchilla are commonly employed as animal models in biomedical 
investigations. These species belong to the hystricomorph group of rodents that are well 
represented in South America, and have remarkably long reproductive cycles compared to 
other rodents.  
Few studies on the comparative aspects of steroid metabolism and excretion in cavy-like forms 
(chinchilla and guinea pig) are available; published data of most reproductive steroids indicate 
that they are excreted mainly by urine (except for progesterone in chinchilla, see above). Fewer 
studies are available for sex steroids in this group of rodents; Bogdan and Monfort (2001) 
evaluated fecal estrogen and progesterone profiles in breeding and non-breeding females of 
the North American porcupine (Erethizon dorsatum; Erethizontoidae family). For glucocorticoids, 
cortisol is the main adrenal steroid hormone present in guinea pig plasma (Malinowska and 
Nathanielsz, 1974). No studies applying radiolabeled  glucocorticoids in guinea pig have been 
conducted according to our last search, but apparently cortisol metabolites are found in large 
quantities in urine (Fajer and Vogt, 1963).  
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biochemical and biological tests demonstrated that the employment of excreta would be 
useful to assess endocrine testicular function in this species. In female chinchillas, we also 
performed radiolabeled  infusion of 3H-estradiol and 14C-progesterone, but in contrast to 
testosterone assessment, natural steroids were evaluated (were separated by HPLC-UV) in 
urinary and fecal extracts from pregnant individuals. This is a particular protocol to avoid 
the use of radioactive material in technical procedures, as normally expected at present. 
Chromatographic analyses demonstrated that most peaks were associated with the polar 
mobile phase in urine, whereas in feces, there were both polar and non-polar peaks. All 
HPLC fractions were individually analyzed by UV detector and by estradiol or progesterone 
immunoassays. These experiments suggest that chinchillas excrete native forms of 
progesterone and estradiol in low concentrations in urine and feces, whereas only 
progesterone-derived metabolites appear to be present in both excreta (Busso et al., 2007). 
Figure 1 depicts reproductive endocrine normative data with respect to route of steroid 
excretion in chinchilla (Hystricognathi rodent).  
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steroid metabolite excretion in Rodentia suborders (see details in legend). It can be useful to 
take into account certain physical-chemical natural characteristics of steroids; considering 
the physico-chemical characteristics of steroid polarity, steroids are firstly shown in Figure 2 
according to their water solubility (considering that steroids are heavily metabolized and 
the original hormone is barely present, particularly in the feces). Anyway, according to 
recent revisions, taxonomic relatedness does still little to predict the precise nature of 
metabolites or their relative routes of excretion (urine versus feces; Palme et al. 2005; 
Schwanzenberger, 2007).  

3.1 Hystricognathi (cavy-like forms) 
Both Guinea pigs and chinchilla are commonly employed as animal models in biomedical 
investigations. These species belong to the hystricomorph group of rodents that are well 
represented in South America, and have remarkably long reproductive cycles compared to 
other rodents.  
Few studies on the comparative aspects of steroid metabolism and excretion in cavy-like forms 
(chinchilla and guinea pig) are available; published data of most reproductive steroids indicate 
that they are excreted mainly by urine (except for progesterone in chinchilla, see above). Fewer 
studies are available for sex steroids in this group of rodents; Bogdan and Monfort (2001) 
evaluated fecal estrogen and progesterone profiles in breeding and non-breeding females of 
the North American porcupine (Erethizon dorsatum; Erethizontoidae family). For glucocorticoids, 
cortisol is the main adrenal steroid hormone present in guinea pig plasma (Malinowska and 
Nathanielsz, 1974). No studies applying radiolabeled  glucocorticoids in guinea pig have been 
conducted according to our last search, but apparently cortisol metabolites are found in large 
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Results of the application of a non-invasive technique in chinchilla indicate that 
glucocorticoids would present mainly in urine (Ponzio et al., 2004), and that cortisol would 
also be the main adrenal steroid. Cortisol was also detected in an experiment employing a 
cortisol RIA in blood samples of Octodon degus (Octodontoidae family); in addition, an ACTH 
positive effect on blood cortisol profile and cortisol fecal metabolite excretion was detected 
(Soto Gamboa et al., 2009). However, in the latter study it is difficult for us to establish a 
close correlation between results from different matrices because of sampling regimens.  

3.2 Sciurognathi (squirrel and mouse-like forms) 
Rats and mice are also widely used as animal models of human diseases in biomedical 
research. Other rodents such as those in the sciurid group, e.g., ground squirrel, have been 
extensively used as mammalian models of ecology, population regulation, and behavior. 
Nevertheless, Lepschy et al. (2007), as other authors, argued that the small body size of 
rodents and difficulties involved in blood sampling make it difficult to apply an invasive 
procedure. We should keep in mind that stress is a significant source of experimental errors 
and a major cause of stress in laboratory animals, and reducing stressful conditions in 
normal husbandry and in application of methods is essential to achieve an adequate level of 
reliability in the experimental results (Dahlin et al., 2009). Therefore, a non-invasive 
technique to monitor stress hormones in these animals is highly desirable (Siswanto et al., 
2008; Touma et al., 2004; Thanos et al, 2009; Kalliokoski et al., 2010).   
Likewise, Harper and Austad (2000) developed a noninvasive method for measuring 
adrenal activity in house mice, deer mice, and red-back voles (members of Muridae and 
Cricetidae families), as other authors did in old field mice (Cricetidae family; Good et al., 2003), 
in spiny mice (Acomys cahirinus; Muridade family) (Nováková et al., 2008; Frynta et al., 2009), 
in agouti and non-agouti deer mice (Peromyscus maniculatus; Cricetidae family) (Hayssen et 
al., 2002), and in Columbian ground squirrel (Sciuridae family) (Bosson et al, 2009). Similarly, 
although most of those authors did not perform a previous radioinfusion study, a 
noninvasive assessment proved to be useful also in different reproductive studies conducted 
in others small rodents (DeCantanzaro et al., 2003; Kuznetzov et al., 2004; Cavigelli et al., 
2005; Chelini et al., 2005).  
In mice, corticosterone and testosterone are excreted mainly by feces. Although several 
reports showed aspects of steroid metabolism in some rodents such as mice during the 
1960s and 1970s, new studies have contributed to increase that limited information. 
Touma et al. (2003) injected mice i.p. with 3H-corticosterone; although males excreted 
significantly more radioactive metabolites via the feces than females (72 vs 56%), this 
study demonstrated once again that most corticosterone metabolite excretion was via the 
feces in both sexes. Conversely, Kalliokoski et al. (2010) reported that corticosterone 
metabolite content is about 50% higher in urine than in feces; therefore, they 
recommended that future studies should analyze primarily the output in urine, although 
this matrix is volatile and difficult to collect. Billiti et al. (1998) employed 3 mice and 3 
deer mice (3–24 months of age) to perform radiolabeled  testosterone infusion 
(intraperitoneally), and found that the proportion of the injected testosterone excreted in 
feces was 62% for Mus spp. and 58% for Peromyscus spp. Noteworthy, it has been reported 
that in mice, the rate of excretion vs. time profile showed between two and three 
elimination phases in urine and feces (and more than 90% excreted testosterone 
metabolites were found during first 24 h). This information revealed that the first phase 
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corresponded to radioactive testosterone that went directly to highly perfused tissues 
such as liver and kidney, and the second phase corresponded to a slower component in 
which hormone is sequestered in slowly perfused tissues such as adipose tissues; also, the 
route of administration, such as the intraperitoneal one, may favor the excretion of 
testosterone in one phase over another. All these are important considerations not only for 
future experiments but also for application in field studies.  
 

 
Fig. 2. Compilation of radiometabolism studies in rodent species reported in the literature. 
Firstly, adrenal and sex steroids are ordered according to solubility in aqueous phase in an 
“ideal” physical chemistry system in the laboratory. Pie charts are illustrated according to 
that hypothesis that postulates that in Hystricognathi rodents the urinary route (gray) is 
preferential, whereas in Sciurognathi, feces (white) is the primary excretory route (details in 
the text); the size of gray and white portions in  both pie charts is only illustrative. Colors of 
circles are associated with steroids; in addition, circles as well as references were located 
according to the main route of excretion of each hormone of interest in the studied species, 
i.e. in Sicurognathi: feces: corticosterone in rat: similar results are revealed by different 
reports, e.g., Taylor, 1971; Bamberg et al., 2001; Lepschy et al., 2007 and Abelson et al., 2009.  

Recently, cortisol radioinfusions were informed for squirrel species (Bosson et al., 2009; 
Dantzer et al., 2010)  as well the application of noninvasive monitoring in Cape ground 
squirrel (Pettitt et al., 2007). In Columbian ground squirrel, this glucocorticoid is highly 
metabolized, with virtually none being excreted. The percentages of radioactive cortisol 
recovered were 31% and 6.5% in urine and feces, respectively; it can be argued that these 
values are low. The authors accepted this problem but, because of the characteristics of 
excreta collection, results were certain only for feces. Similar results were obtained by 
Dantzer et al. (2010), who injected radiolabeled  cortisol in North American red squirrel; the 
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corresponded to radioactive testosterone that went directly to highly perfused tissues 
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hormone was entirely metabolized and excreted in both urine (70.3 ± 0.02%) and feces (29.7 
± 0.02%), with a lag time to peak excretion of 10.9 ± 2.3 h in feces. With respect to cortisol 
excretion in mouse-like forms, we found only one reference (for rat, Taylor, 1971); the main 
route was feces, as well as for corticosterone in other Sciurognathi rodents. Since squirrels 
belong to the Sciuridade family, which is closer to Lagomorpha than the Muridae family (rat 
and mouse, etc.), this genetic proximity would explain these results. Accordingly, low fecal 
excretion of glucocorticoid metabolites (about 8%) has also been found in European hares 
(Lepus europaeus; Teskey- Gerstl et al., 2000). In fact, Taylor (1971) informed (another species 
of Lagomorpha order) that only between 3-5% of testosterone or 4% of estradiol are excreted 
in rabbit feces. 
Similarly to the studies analyzed above, different techniques have been applied in rats to 
monitor the route, time-course and proportions of excreted steroid metabolites. Bamberg et 
al. (2001) employed male Sprague-Dawley 8 week-old rats which were injected i.p. with 3H-
corticosterone (16 µCi) at 09:00. Meanwhile, Lepschy et al. (2007) started an experiment at 
the same time as the former study; however, each rat (both sexes were employed in this 
study; 12 week-old individuals) was intravenously injected with different doses of 3H-
corticosterone (62.1 µCi). Both studies showed that the main route of corticosterone 
excretion in the male was feces. It is quite difficult to compare both studies since a different 
sample collection technique was applied. Firstly, when employing only males, during the 
first day, urine or feces samples were collected at different time schedule. Lepschy et al. 
(2007) collected all voided excreta from both sexes during the first day (probably the most 
recommended). Both radioactive urinary peaks were detected earlier than feces peaks, but 
there was a great variability in urine: 1-6h and 4-10h, respectively. Technical differences in 
the study of the same steroid in the same species were further reported by Abelson et al. 
(2009), who studied male Sprague-Dawley rats after intravenous administration of a low 
dose (1µCi) of radioactive corticosterone. The amount of radioactivity detected in feces was 
highest and displayed a more pronounced peak 12h after injection when the substance was 
administered through a jugular vein catheter than through tail vein injection.  
As expected, it is evident that there were great differences in the profiles of radioactive 
excretion among individuals in rodents, particularly in well studied species such rats and 
mice, as in others mammals (Brown et al, 1994; Palme et al, 1996), i.e., time course may 
change with the route and time of administration, even between sexes in some species (see 
detailed studies on rats: Touma et al., 2003; Eriksson et al., 2004; Abelson et al., 2009). 
Similarly, in chinchilla, Busso et al. (2005a, 2007) also indicated that radioactive urinary 
estradiol peaked between 24-48h, the radioactive peak being at 34h post-infusion. Several 
technical aspects, rather than biological ones, must be taken into account before deciding to 
undertake a new investigation; from molecular structure of interested hormone (free 
marked or conjugated steroid), through animal state and development, up to sample 
collection regimen, etc. Further studies are necessary to standardize how to obtain 
endocrinological information from animal “waste” as soon as possible. 
A key advantage of measuring hormones in excreta is that this procedure integrates 
hormone levels over time, instead of measuring a single time point (as in snapshot) 
represented by hormone levels in blood. We consider that time peak excretion after 
radioinfusion or steroid hormone increase after gland has been stimulated is not a robust 
measure because there are too many sources of variation. Several variables, such as dietary 
preferences, gastrointestinal anatomy, digestive physiology, biochemical capabilities, and 
commensal microflora, called “nutritional strategy” by Klasing (2005) in birds, may affect 
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retention time and consequently time course of excreted steroids among species and/or 
individuals of the same population. Besides, a different sample collection schedule also 
seriously affects interpretation of time course or hormonal profiles; collecting naturally all 
voided urine or feces is advisable, as it has been observed in many reports. Therefore, in 
attempting to collect all samples, some problems may arise, i.e., in the study of testosterone 
excretion in chinchilla, an “animal effect” associated with each hormonal profiles was 
found. This effect evoked a delayed excretion of testosterone metabolites in some males with 
respect to others; a constipation process was a probable source of variation that has 
previously been detected in other farmed animals (Palme et al., 1996; Busso et al., 2005a). It 
is advisable to use each animal as its own control, thereby minimizing the problems of 
individual differences in basal and peak levels (Touma and Palme, 2005). 
Urinary and fecal excretion frequency may be affected by other factors, such as some 
stressors effects on different individuals. Nowadays, increasing evidence indicates 
considerable variation between individuals in the magnitude and pattern of their 
corticosterone responses (called “personalities”). Furthermore, regularity of food intake and 
resulting defecation frequency has not been investigated sufficiently and needs to be 
considered as a potential variable for steroid metabolite analyses. In addition, changes in 
defecation frequency and patterns due to seasonal variation, reproduction, or even stress 
may alter elimination rate and therefore systematically affect the amount of metabolites 
excreted per sample (Wielebnowski and Watters, 2007). Further experiments are necessary 
to enhance our understanding of kinetic parameters; these variables are still significant 
research topics or unresolved issues that will allow us to elucidate the relationship between 
physiological events and detection of changes in excreta.  
Elimination of steroids via the urine is usually very rapid as maximal concentration is found 
within a few hours after administration of radioactive tracer and/or peak natural 
concentrations in the plasma; the first urinary samples collected usually exhibit most of the 
excreted metabolites.  In feces, peak concentrations of radioactivity were observed after a 
certain lag time (usually after 24 h or up to 48h) (Monfort, 2003; Palme, 2005; 
Schwanzenberger, 2007). However, this is not a particularly useful or informative measure 
as it is highly dependent on the sampling regimen, and fails to account for differences in the 
general shape of the hormone excretion-time profile (Kalliokoski et al. 2010). Thus, we 
consider that proportion of total metabolites excreted per activity phase (such as dark/light 
cycle; endocrine cycles, etc.) would be more informative than the exact time of peak 
excretion; however, most importantly, hormone monitoring must be performed in repeated 
long-term studies.  
The reviewed information is significantly useful because when monitoring stress and/or 
reproductive endocrine responses in a long-term study, competitive immunoassays will be 
used in different matrices (urine, feces, etc) to reveal adrenal and/or gonadal endocrine 
activities. Thus, depending on the species, the hormone, and the research question, it is 
relevant to “pick” the appropriate antibody and assay design that allows for detection of 
most, or at least a considerable amount, of the immunoreactive metabolites involved 
(Wielebnowski and Watters, 2007). Otherwise, some problems may arise when working 
with a matrix that exhibits lowest concentration of excreted metabolites. For example, an 
assay for testosterone fecal metabolites in guinea pig failed to clearly discriminate among 
intact males, castrated males, and females (Bauer et al., 2008). In addition, it was not possible 
to detect fecal progestagen changes throughout pregnancy, pre-partum and post-partum 
stages in chinchilla compared with results obtained from urine samples (Busso et al., 2007). 
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This does not mean that we do not recommend working with samples with low steroid 
concentrations. In fact, there are good examples like the report of Muir et al. (2001), 
involving urinary samples of female and male mice, since this mouse species excretes 
reproductive steroids mainly by feces. However, greatest efforts are needed when samples 
are collected from the less quantitative route of steroid excretion in a given species.  

4. Remarkable issues for a precise assessment of steroid hormone excretion 
in rodents 
Steroid hormones have demonstrated a major regulatory role in vertebrate physiology 
(affecting, for example, fetal and postnatal growth and development, and maintaining 
allostasis, particularly, progesterone or glucocorticoids, as other examples, which are 
important in female reproduction or are involved in the “fight or flight” response). The 
physiological changes mediated by adrenal and sex steroids receptors provided early 
vertebrates with an advantage in competing with the diverse organisms that evolved during 
the Cambrian explosion (Baker, 1997). Therefore, it is of great importance and interest to 
study how these hormonal modulators respond to different environmental conditions, such 
as the studies of chemical disruptors on endocrine activity with implications in normal 
neuroendocrine responses (Crews et al., 2000; Dickerson and Gore, 2007) 
Let´s remember that rodents are eutherian mammals (Short, 1985) and that one obvious way 
of increasing or decreasing an animal’s reproductive potential is by altering its gestation 
length. Three groups stand out with respect to gestation length/maternal weight ratio: 
hystricomorph rodents as well as primates have relatively long gestations, and whales with 
relatively short gestations. Hystricomorph rodents, here called cavy-like form, have 
evidently developed a different reproductive strategy than other rodents. By contrast, 
Sciurognathi species generally exhibit small body size, short lifespan, short gestation (21 
days in mice and rats),numerous litters, and rapid rates of development, as well as short 
birth intervals (all these species called “r” strategist in ecology). All rodent species together 
amount to 2000 different taxa; however, information mostly comes from few species of two 
families (Muridae: Old World mice, rats, gerbils and relatives or Cricetidae: New World rat, 
mice, voles, hamsters and relatives). These families are genetically closely related and have 
been well studied: they display differences of degree but not of kind.  
Contrarily, Hystricomorph rodents (about 170 species) appear to be more diversified in their 
patterns of reproduction than any other group of related mammals. The hystricomorph 
rodents, which are particularly well represented in South America, have colonized harsh 
environments at either high altitude or high latitudes. Under such conditions, it would be 
advantageous for a species like the chinchilla to prolong gestation (more than 100 days) so 
as to allow birth during clement weather. However, this environmental explanation cannot 
account for the long gestations of those hystricomorphs that live in subtropical forests, or 
those that live in underground burrows as the plains viscacha (Weir and Rowlands, 1973; 
Short, 1985; Bronson, 1999). Therefore, this group of mammals (rodents), excluding the 
human species, is the group of most prosperous modern mammals, occupying very 
different ecological niches almost worldwide, mostly specialized in different rhythms of 
reproduction that can be adjusted to different circumstances. This biodiversity offers several 
phenotypes or biotypes of animals to study general and comparative endocrinological 
aspects. Finally, how these animals have synchronized to cope with habitats and face 
environmental challenges up to present is one of our major research concerns.  
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Regarding our research work that focused on chinchilla, we considered only steroid 
excretion in rodents in this chapter. It was not our goal to thoroughly review the details of 
each species. We found out that few species of rodents were subjected to radiolabeled 
studies of steroid excretion. According to the latest publications, taxonomic relatedness does 
little to predict the precise nature of metabolites or their relative routes of excretion (urine 
versus feces; Palme et al. 2005; Schwanzenberger, 2007). The best way to clarify these 
questions is to perform radiometabolism experiments and a physiological and biological 
validation of the immunoassay, such as the work conducted in Columbian ground squirrel 
(Bosson et al., 2009). However, at present, radioinfusion as an experimental approach to the 
noninvasive study of adrenal and/or gonadal activity seems “old-fashioned”. Accordingly, 
we did our best to include in the present revision as many reports of application of non-
invasive hormone monitoring in rodents species as possible. We also know that it may not 
be possible to elucidate why different steroids are excreted in urine and feces to different 
extents; however, a better framework for rodents is now available with respect to differences 
among species in terms of the same steroid being excreted in urine and feces to different 
extents. In the assessment of adrenal and gonadal endocrine activities using non-invasive 
techniques, several extensive considerations should be taken into account (Buchanan and 
Goldsmith, 2004; Millspaugh and Washburn, 2004; Palme, 2005; Touma and Palme, 2005; 
Schwarzenberger, 2007; Wilebnowski and Watters, 2007); however, these aspects are beyond 
the scope of the present revision, but all of them may be affected by the ranking of the 
excretory routes.  
Accordingly, multidisciplinary scientific efforts might be useful to increase our knowledge 
on comparative endocrinology in rodents, using different species as biotypes or new animal 
models for the studies. Some concerns about it have already been stated. Smale et al. (2005) 
pointed out that the study of neuroendocrinology in nontraditional mammals is an essential 
approach that complements methodologies (such as knock-out mouse) by taking advantage 
of allelic variation produced by natural selection. Obviously, the technical advantages of 
non-invasive hormonal monitoring with repeated measures in long-term studies have 
strongly encouraged biologists (and specialists such as ecologists, ethologists, etc.) as well as 
other professionals in human and veterinary medicine, zoological exhibition and/or animal 
production managers.  
In summary, the application of noninvasive hormonal monitoring has proven very useful 
for the generation of normative data (for the species, reproductive cycles, stress responses, 
etc.) and particularly for the assessment of individual endocrine state. All the aspects shown 
in Box 2 must be addressed for a precise assessment of steroid hormone excretion.  
Finally, one of the main advantages of measuring steroids in blood is the study of the 
dynamics of hormone secretion; however, great efforts must be made to meet the technical 
requirements for obtaining a blood sample for an accurate and reliable measurement (route 
of blood extraction, minimal obtained blood volume, extraction time to avoid stress 
interference in steroid profiles, etc.). Therefore, hormonal quantification in different 
biological matrices such urine and feces is an alternative approach. But also, this approach 
does not exclude technical disadvantages involved in sample collection, such as frequency 
of elimination of excreta, volume of excreta (which can affect the distribution of hormone 
metabolites, etc.). Therefore, both types of samples, blood and excreta, are seriously affected 
by the sampling protocol. Laboratories should continue reviewing (and possibly 
standardizing) this aspect. In addition, there are extra sources of variation affecting 
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sampling protocol such as nutritional strategy, which also seriously alter the precise 
hormonal determination. Moreover the fact that an individual may be studied without being 
disturbed, another interesting aspect in the use of non-invasive hormone monitoring is that 
metabolite concentrations frequently are 2 to 4 times higher than plasma levels (Peter et al., 
1996). However, this quantitative advantage is lost when the route of steroid excretion is 
unknown.  
 

“Keys for a precise assessment of steroid hormone excretion” 
 Who? ID of steroids of interest; particularly it is necessary to know species 

differences and to identify the main glucocorticoid by the adrenal gland in rodents 
(cortisol or corticosterone). 

 How much? Percentage of hormone metabolite excretion into urine or feces; route of 
excretion may be determined by radiolabeled  or unlabeled  infusion of each 
hormone of interest. 

 When it happened? Time course of steroid secretion in blood-stream and its 
clearance into urine and feces. The best approach is to collect all voided urine and 
excreted feces, because there is still no standardization with respect to sampling 
protocols. In the future, it seems that proportion of excreted metabolites during 
activity cycles (day/night; elimination phases) may be a better approach to 
understanding steroid excretion with respect to individual endocrine state.  

 Which matrix? After choosing the biological matrix (urine or feces), identification of 
steroid metabolite in the matrix of interest is essential to obtain the best results in 
immunoassay performance. Each matrix has advantages and disadvantages.  

 How are results expressed? To follow the endocrine gland activity in the best way 
possible, it would be useful to express hormone excretion rated by fixed period of 
time (i.e. hour of sample collection) and to inform total volume or weight/period of 
time of voided urine and excreted feces, respectively.   

 What else? Sex, life stages (juvenile, adult, aging change), environmental 
characteristics (photoperiod, temperature, feeding strategy, coping strategy) must be 
taken into account to improve our knowledge.    

ID: identification.  

Box 2. Recycling information from excretes about animal stress and reproductive endocrine 
states in rodents. 
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1. Introduction  
Numerous physiological functions are regulated by calcium. In fact, ionized intracellular 
calcium (Ca2+) is the most common signal transduction element, a universal cofactor for 
various enzymes and a crucial participant in different physiologically relevant pathways at 
the cell membrane level. Thus, ensuring a stable level of extracellular Ca2+ is a priority for 
preserving many cell functions as automatism of nerve and muscle activity, contraction of 
cardiac, skeletal and smooth muscle, release of neurotransmitters and secretion of endocrine 
and exocrine hormones, among others. 
The levels of extracellular Ca2+ and phosphorus (P) are tightly regulated by complex 
mechanisms that have evolved from a phylogenetic perspective, in order to maintain their 
extracellular concentrations within relatively narrow limits. Among key participants in the 
regulation of Ca2+, parathyroid hormone (PTH), calcitonin and 1-25 dihydroxyvitamin D 
are major hormones involved in mineral ion homeostasis, through their effects on 
parathyroid glands, bone, kidney and intestine. 
Although, injury or removal of the parathyroid glands during neck surgery is by far the 
most common cause of acute and chronic hypoparathyroidism, there are other no so 
common causes as parathyroid hormones or vitamin D related disorders that may 
contribute to an impaired parathyroid function.  
Conventional treatment of chronic hypocalcemia, particularly hypoparathyroidism, is based 
on calcium salts, vitamin D (mainly calcitriol), and drugs that increase renal tubular 
reabsorption of calcium as thiazides. Recently, new treatments have been developed, 
increasing the therapeutic armamentarium for hypocalcemic disorders, as synthetic 
recombinant human parathyroid hormone (rhPTH) 1–34 administered once or twice daily in 
patients with hypoparathyroidism. This treatment modality has proved to reduce urinary 
calcium excretion compared with calcitriol therapy and to maintain serum calcium in the 
normal range, thus avoiding chronic hypercalciuria that may lead to renal function 
impairment, nephrocalcinosis and renal insufficiency in the long term. What is more, new 
rhPTH release formulations are currently under investigation, opening a new field to 
explore for the treatment of hypoparathyroidism.  
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In this chapter, we will discuss the regulation of the metabolism of calcium and phosphorus 
and their integrated pathways to maintain their levels within physiological limits with 
special focus on hypocalcemic disorders and new treatment approaches. 

2. Physiological regulation of calcium and phosphorus metabolism  
Extracellular Ca2+ participates in the regulation of numerous physiological functions, as 
automatism of nerve and muscle activity, contraction of cardiac, skeletal and smooth 
muscle, release of neurotransmitters and secretion of endocrine and exocrine hormones 
among others; thus, physiological concentrations of extracellular ionized Ca2+ remain 
virtually constant at 1.2 mM (5 mg/dL) (Brown, 1991). For these reason, different 
physiological mechanisms are involved for maintaining extracellular Ca2+ level whiting 
these narrow limits that includes parathyroid hormone (PTH), calcitonin and 1-25 
dihydroxyvitamin D as major hormones participating in mineral ion homeostasis, through 
their effects on parathyroid glands, bone, kidney and intestine. 

2.1 General Homeostasis of calcium and phosphorus metabolism 
The bone acts as a true storehouse of Ca2+ and P, containing nearly the total Ca2+ and P of 
the body in its mineral structure. Only 1% of Ca2+ from the bone is in constant exchange 
with extracellular Ca2+ and under tight regulation as this quantitatively minor amounts 
play a crucial physiological role (Kronenberg et al, 2007).  
Extracellular Ca2+ not bound to proteins (albumin and globulins mainly), called as ionized 
Ca2+, acts as the biological active fraction. Its physiological concentration remains virtually 
constant at 1.2 mM tightly controlled by hormonal mechanisms.  
In contrast, resting cytosollic calcium concentration is about 100 nM but fluctuations allow 
increases up to 1 microM (100 folders) through cellular activation by releasing Ca2+ from 
intracellular stores (endoplasmic reticulum, mitochondria) and through activated channels 
thanks to a very large chemical gradient (10,000:1). Intracellular Ca2+ acts as a key 
intracellular messenger and cofactor for various enzymes and biological functions (Valero et 
al, 2008). 
On the other hand, organic P is a main constituent and coenzyme for numerous 
physiological processes as replication, differentiation, development, energy expenditure and 
storage. Any alteration on P homeostasis cause severe disorders that affect global organ 
functions (Figure 1). 
 
 

 
Fig. 1. Calcium concentration in the cell, plasma and intracellular stores and main fluxes 
(endoplasmic reticulum). 
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The levels of extracellular Ca2+ and P are tightly regulated by complex mechanisms in a 
coordinated way that has evolved from a phylogenetic perspective in order to maintain their 
extracellular concentrations within relatively narrow limits.  

2.2 Parathyroid hormone 
The parathyroid cell is a prototypical extracellular Ca2+ sensing cell (Brown, 1998).  This 
characteristic allows the constant monitoring of extracellular ionized Ca2+ levels, thus, 
increasing extracellular Ca2+ is sensed by plasma membrane receptor of parathyroid glands 
cells (the calcium sensing receptor –CaSR-) that mediates the reduction of PTH hormone 
secretion (Figure 2) (Riccardi & Gamba, 1999).  
 

 

Fig. 2. PTH regulation on parathyroid gland by extracellular Ca2+ levels through CaSR 
http://chemistry.gravitywaves.com/CHE452/20_Calcium%20Homeostasis16.htm March 
15 2011. Dr Noel Sturm 

In last years, inherited diseases caused by mutations of the CaSR have been studied (Health 
et al, 1996). Loss-of-function mutations induce a loose of sensitivity to extracellular Ca2+ 
levels and a disruption of the downregulation mechanism of PTH secretion as in familiar 
hypocalciuric hypercalcemia and neonatal severe hyperparathyroidism. These inherited 
diseases are characterized by mild or severe hypercalcemia. Gain of function mutations have 
been described in recent years, and in these conditions the hypersensitivity to Ca2+ levels 
cause hypocalcemia due to a premature inhibition of PTH secretion by the parathyroid 
gland as in autosomal dominant hypoparathyroidism (Polak et al, 1994).  
Parathyroid hormone (PTH) is secreted by parathyroid glands regulated by ionized 
extracellular Ca2+ through CaSR. PTH is a 84 amino acids peptide hormone synthesized as 
a large pre-prohormone that exerts its biological effects on its intact configuration or by 
different amino terminal fragments. A continuous PTH high level as seen in 
hyperparathyroidism induces stimulation of bone resorption and the release of Ca2+ and P 
to plasma, and consequently leads to a decrease of bone mineral density. On the other hand, 
intermittent administration of PTH has the opposite effect and it is the basis of its use in the 
treatment of severe osteoporosis. In the kidney, PTH acts stimulating Ca2+ reabsorption and 
P urinary excretion. Indirectly, PTH provides active vitamin D by hydroxylation of 
25(OH)D3 in  position 1 (1,25(OH)2D3) which increases calcium absorption at the gut level. 
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In summary, PTH acts as a Ca2+ rising hormone and a major regulatory of Ca2+ 
metabolism; conversely, increasing levels of Ca2+ exert a downregulation feed back effect 
on PTH secretion (Shoback, 2008).   

2.3 Calcitonin 
Calcitonin is a 32 amino acid peptide hormone secreted by parafollicular cells (C cells) of the 
thyroid gland. Despite of its important role in few vertebrae animals, in humans its role on 
Ca2+ and P metabolism is less important. However, it is used in the treatment of 
hypercalcemia due to its decreasing Ca2+ renal reabsorption effect and its inhibition Ca2+ 
bone resorption; thus, calcitonin has a net hypocalcemic effect on plasma Ca2+ levels in 
hypercalcemic disorders. Its regulation is mediated by Ca2+ ionized extracellular levels in 
part through the CaSR as in parathyroid glands, although other hormone and vitamin 
factors could also play an important role. Finally, calcitonin is also secreted by different 
neuroendocrine tumours, as medullary thyroid carcinoma, and it used as tumour marker 
(Kudo et al, 2011).   

2.4 Vitamin D 
Vitamin D acts as a real hormone. Its synthesis and tissue concentration is more dependent 
of seasonal and sun exposure factors rather than oral intake. Endogenous inactive vitamin D 
(colecalciferol-Vitamin D3) is synthesized by ultraviolet radiation, although nutritional 
alternative sources (supplemented dairy products, fat fish and liver) could eventually 
provide sufficient quantities for covering daily needs. Vitamin D3 activation requires 
hydroxylation of the 25th and 1st positions to get full biological activity (1,25(OH)2D3); this 
process takes place in the liver and kidney where hydroxylation is successively performed 
and at the kidney level activation of 1-hydroxilase is partially dependent of PTH. Vitamin D 
can also be hydroxilated at position 24 which renders inactive the molecule.  
The main effect of vitamin D on Ca2+ and P metabolism is to stimulate calcium absorption 
in the bowel by means of the binding of its active form 1,25(OH)2D3 to the vitamin D 
nuclear receptor (VDR) (Shiohara et al, 2005). A less pronounced but also an important effect 
of vitamin D is to promote Ca2+ and P apposition in the  bone and to stimulate calcium 
excretion in the kidney. The VDR is a ubiquitous receptor which is expressed in most tissues 
and cell lines and in fact vitamin D has been implicated in numerous biological actions as 
activation of the immune system, autoimmune diseases, cardiovascular risk, proliferation 
and differentiation of cancer cell lines among others (Fernandez et al, 2009; Mathieu & 
Adorini, 2002;  Nagpal et al, 2005). 
Calcium and vitamin D intake is currently though to be under normal requirements, 
especially in old populations due to loss of efficiency of vitamin D synthesis and age-related 
down regulation of 1alpha kidney hydroxylation in relation with kidney function, as well as 
insufficient sun exposure in aged people. At the moment, a worldwide high prevalence of 
vitamin D deficiency has been described (Rosen, 2011).    

2.5 Integrated homeostasis of calcium metabolism 
The levels of extracellular Ca2+ and P are tightly regulated by complex interrelation of PTH, 
calcitonin and 1-25 dihydroxyvitamin D through their balanced effects on parathyroid 
glands, bone, kidney and intestine target organs (Figure 3). 
PTH secretion is regulated by extracellular Ca2+ levels and activation of 25(OH)D3 to 
1,25(OH)2D3 is regulated by PTH action on kidney. 1,25(OH)2D3 enhances calcium 
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absorption on gut. On the same way, calcitonin regulation is mediated by Ca2+ ionized 
extracellular level. These complex mechanisms work in concert to keep Ca2+ and P+ in a 
constant concentration for maintaining under optimal conditions some critical  physiological 
functions as automatism of nerve and muscle activity, contraction of cardiac, skeletal and 
smooth muscle, release of neurotransmitters and secretion of endocrine and exocrine 
hormones among others.  
 

 
Fig. 3. Integrated physiological homeostasis of calcium metabolism.  

Calcium and vitamin D insufficiency leads to an increase in calcium intestinal absorption, 
renal uptake and calcium bone reabsorption. The first step to reach the new equilibrium is 
initiated by the low extracellular calcium concentration which is sensed by CaSR and 
triggers PTH secretion by the parathyroid glands. The increment of PTH level increases the 
synthesis of the activated form of vitamin D and stimulates absorption of tubular calcium on 
kidney. On the other hand, 1,25 OH vitamin D acts on the nuclear pathways of the 
entherocytes to increase absorption of dietary calcium, which is quantitatively the most 
important response to calcium and vitamin D insufficiency. To summarize, chronic calcium 
and vitamin D insufficiency provoques a continuous compensatory hyperparathyroidism 
aimed to maintain Ca2+ and P+ into the physiological levels; this chronic hyperactivation of 
the parathyroid glands may have deleterious consequences at the long term. 

3. Hypocalcemic disorders  
Any alteration of this close balance between the hormones involved in calcium metabolism 
could originate disorders characterized by the presence hypocalcemia.  
Although, injury or removal of the parathyroid glands during neck surgery is the most 
common cause of acute and chronic hypoparathyroidism, other not so common causes 
should be evaluated and ruled out, mainly caused by alteration in intestinal absorption 
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In summary, PTH acts as a Ca2+ rising hormone and a major regulatory of Ca2+ 
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absorption on gut. On the same way, calcitonin regulation is mediated by Ca2+ ionized 
extracellular level. These complex mechanisms work in concert to keep Ca2+ and P+ in a 
constant concentration for maintaining under optimal conditions some critical  physiological 
functions as automatism of nerve and muscle activity, contraction of cardiac, skeletal and 
smooth muscle, release of neurotransmitters and secretion of endocrine and exocrine 
hormones among others.  
 

 
Fig. 3. Integrated physiological homeostasis of calcium metabolism.  
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kidney. On the other hand, 1,25 OH vitamin D acts on the nuclear pathways of the 
entherocytes to increase absorption of dietary calcium, which is quantitatively the most 
important response to calcium and vitamin D insufficiency. To summarize, chronic calcium 
and vitamin D insufficiency provoques a continuous compensatory hyperparathyroidism 
aimed to maintain Ca2+ and P+ into the physiological levels; this chronic hyperactivation of 
the parathyroid glands may have deleterious consequences at the long term. 

3. Hypocalcemic disorders  
Any alteration of this close balance between the hormones involved in calcium metabolism 
could originate disorders characterized by the presence hypocalcemia.  
Although, injury or removal of the parathyroid glands during neck surgery is the most 
common cause of acute and chronic hypoparathyroidism, other not so common causes 
should be evaluated and ruled out, mainly caused by alteration in intestinal absorption 
(vitamin D related) or by decrease reabsorption at the bone and kidney levels (parathyroid 
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3.1 Parathyroid hormones related disorders 
Parathyroid hormones related hypocalcaemia could be differentiated from other causes by a 
low or inappropriately normal PTH level in the presence of low calcium levels, mild 
hyperphosphatemia and low 1,25(OH)2D3.  
PTH related causes of hypocalcemia include: 

3.1.1 Parathyroid glands destruction  
Injury or removal of the parathyroid glands during neck surgery is the most common cause 
of acute and chronic hypoparathyroidism. Its incidence rate is usually related to surgeon’s 
experience, the type of pathology and the surgical technique performed (Sthepen, 2000). 
Although postsurgical hypoparathyroidism is usually a transitory problem, occasionally, it 
persists in 0.4%-33% of cases depending on the series (Page & Strunsky 2007; Torregrosa et 
al, 2005). It may be caused by vascular interruption or involuntary removal during surgery 
and it uses to be permanent if there is no remission after 6-9 months after surgery.  
After hyperparathyroidism adenoma removal, a transient suppressive hypoparathyroidism 
can occur in the first 48 hours after surgery of functional nature. In these cases, hungry bone 
syndrome should be ruled out and could be identified as hypophosphatemia is virtually 
always an associated feature after surgery of a severe and of long duration 
hyperpathyroidism.   
However, any infiltrative or autoimmune disease that affects all parathyroid glands could 
cause hypoparathyroidism. Wilson disease, hemochromatosis, metastic disease can infiltrate 
parathyroid glands causing their dysfunction (Angelopoulos et al, 2006). Autosomal 
recessive autoimmunity hypoparathyroidism can be part of autoimmunity polyglandular 
syndrome type 1, in which Addison disease and mucocutaneous candidiasis are found 
together with hypocalcemia (Husebye et al, 2009). This syndrome has been related to the 
autoimmunity regulatory gene AIRE. Autoimmunity antibodies against parathyroid glands 
and CaSR can support this diagnosis (Dittmar & Kahaly, 2003).  

3.1.2 Congenital/inherited parathyroid disorders  
Transient neonatal hypocalcaemia is a quite frequent disorder that is usually resolved 
during the first days after birth. Hyperparathyroidism and diabetes of the mother are the 
most common causes. However, hypocalcemia disorders that are not resolved during first 4 
weeks or life require a more extended diagnosis work-up. Inactivating mutations of some 
transcription factors as glial cell missing factor (GCM) and SOX3 have been related to 
neonatal hypoparathyroidism.  
In some cases, hypoparathyroidism is part of more complex malformative syndromes 
arising during the embryonic development, as Di George’s syndrome. Di George’s 
syndrome or velo-cardio-facial syndrome is the most frequent severe malformation (1/3000) 
and it is caused by embryonic disorder of third, fourth and fifth branchial pouches, resulting 
in the absence of parathyroid glands associated with cardiac malformations, abnormal 
facies, thymus hypoplasia, and cleft palate. It is caused by deletions in 22q11, and less 
frequently in 10p (Kobrynski & Sullivan, 2007). Other not so common causes of 
neonatal/inherited hypoparathyroidism are Kenny-Caffey syndrome and Barakat 
syndrome among others.   
Gain of function mutations of CaSR amino-terminal domain have been published in recent 
years; in these cases, hypersensitive sensing to Ca2+ levels cause hypocalcemia by 
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premature inhibition of PTH secretion by the parathyroid glands expressed as an autosomal 
dominant hypoparathyroidism (Pollak et al, 1994). In these patients hypocalcemia is found 
together with hypercalciuria and normal PTH. In such a situation, treatment with vitamin D 
results in the development of hypercalcemia which may lead to nephrocalcinosis and renal 
failure; thus, treatment is aimed to avoid symptoms of hypocalcemia and not to achieve 
normocalcemia (Pearce et al, 1996).  

3.1.3 Pseudohypoparathyroidism   
Pseudohypoparathyroidism is characterized by peripheral PTH resistance despite of elevated 
PTH levels, and hypocalcaemia plus hiperphophatemia plasma levels similar to what is found 
in hypoparathyroidism after having ruled out magnesium deficiency and renal failure. It may 
be associated to a characteristic morphotype called Albright´s hereditary osteodysthophy. Its 
genetic bases and clinical features will be described in detail in another chapter.  

3.2 Vitamin D related hypocalcemia 
Hypocalcemia syndrome due to vitamin D related disorders is mainly caused by alterations 
in intestinal absorption of dietary calcium. Hypocalcemic disorders in the context of vitamin 
D deficiency are characterized by elevated PTH plasma levels and hypophosphatemia with 
an  increased renal phosphate clearance (Figure 4). Increased PTH is of compensatory nature 
aimed to maintain Ca2+ and P+ within the physiological levels by calcium mobilization 
from skeleton, increased renal reabsorption of calcium and increased renal 1alpha 
hydroxylation.  
 

 
Fig. 4. Adaptation to vitamin D and calcium insufficiency (adaptation pathways on bold 
type). 

Vitamin D related hypocalcaemia could be caused by: 

3.2.1 Vitamin D absorption/synthesis deficiency  
Vitamin D deficiency is mostly seen in old people, although younger populations may also 
suffer from this condition. As vitamin D could be sourced by skin synthesis under 
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ultraviolet irradiation and/or dietary intake, any deficiency on dietary intake or reduction 
on intestinal fat-soluble vitamin D absorption (gastrectomy, intestinal illness, chronic 
hepatic insufficiency) and any decrease in skin synthesis due to insufficient solar irradiation 
or used of high solar protective factor sun blocks, could cause a vitamin D deficiency. It also 
causes a compensatory hyperparathyroidism and has been correlated with seasonal 
psychiatric and immune disorders in northern countries (Rosen, 2011).  
Modern food industry has supplemented dairy products with vitamin D although it has not 
been correlated with improvements in general population vitamin D levels. 

3.2.2 Impaired 1 or 25 alpha hydroxilation of Vitamin D   
Any alteration on hepatic or kidney functions could lead on deficient hydroxylation of 
vitamin D, as in renal or liver failure. This would cause an intestinal calcium absorption and 
a compensatory increase in circulating PTH.  
It is a common clinical entity especially in chronic renal failure under dialysis. The failure of 
1alpha hydroxilation at the kidney level causes a decrease in plasma calcium by 
malabsorption of dietary calcium intake and a compensatory elevation of PTH (secondary 
hyperparathyroidism) without an increased phosphate clearance because of kidney failure. 
Treatment of compensatory hyperparathyroidism is based on the administration of the 
active form of vitamin D (1-25(OH)2 Vit D) to cover 1alpha hydroxilase deficit,  an increase 
in calcium intake and phosphate binders (Messa et al, 2010). Regulation of PTH secretion 
with non hypercalcemic Vitamin D analogs and calcimimetics (parathyroid CaSR 
sensitizers) has been a revolution in the treatment of secondary hyperparathyroidism 
associated to renal failure (Borstand et al, 2010).  

3.2.3 Impaired entero-hepatic circulation of vitamin D  
Vitamin D is a fat-soluble vitamin, so it is under entero-hepatic circulation and adiposity and 
hepatic deposit. Any alteration on entero-hepatic circulation or accelerated hepatic metabolism 
and its nature is mainly drug-induced: anticonvulsants, tuberculostatic treatment, and bile 
acid sequestrants; any of these could cause an accelerated loss of vitamin D.  

3.2.4 Calcitriol resistance-Hereditary vitamin D resistant rickets 
Some inherited disorders have been described to be associated with vitamin D resistance; 
their frequency is very low. They are characterized by a biochemical profile concordant with 
vitamin D deficiency and compensatory hyperparathyroidism with normal or even elevated 
levels of vitamin D that indicates a resistance vitamin D status. Most mutations described in 
vitamin D resistant rickets involve intranuclear vitamin D receptor (VDR) at the DNA 
binding domain and it affects the regulation of gene expression (Mallory et al, 2004).  
Clinical features are variable but it uses to appear during childhood with hypocalcaemia 
and hypophosphatemia, associated with alopecia, bone deformations and short stature.  
Treatment with high doses of calcitriol do not use to be successful, although it depends on 
the specific mutations on VDR. Vitamin D analogues have opened new therapeutic 
possibilities on this rare illness.  Treatment with sequestrant compounds could cause an 
accelerated loss of vitamin D.  

3.3 Other causes 
Other hypocalcaemia causes include: bone apposition in osteoblastic metastasis; sequestration 
by intravascular drugs or by acute hyperphosphatemic states (rhabdomyolysis, 
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chemotherapy); treatment or ion alterations and vitamin D insufficiency in HIV infected 
patients; critical illness as acute pancreatitis. 

4. Acute hypocalcaemia treatment  
Acute hypocalcaemia is a medical emergency that requires a quick diagnosis and treatment. 
However, chronic hypocalcaemia is frequently asymptomatic and treatment must be aiming 
to normalization of calcium levels without increasing complications (Cooper & Gottoes, 
2008).  
Acute hypocalcaemia can be diagnosed by measuring total calcium levels using protein 
correction to calculate free extracellular calcium (a decrease in calcium of 0.8 mg/dl for 
every 1 g/dL decrease in albumin) or by direct monitoring of ionized Ca2+ (Kronenberg et 
al, 2007). 
Symptoms are correlated with acute instauration and magnitude of the deficiency, 
especially in relation to neuromuscular excitability as carpopedal spasm. In acute and severe 
cases of hypocalcemia general tetany, broncospasm and serious cardiac arrhythmias have 
been described, thus serum calcium levels must be measured frequently in this period, and 
electrocardiographic monitoring must be done during initial replacement therapy. 
Acute hypocalcemia treatment requires prompt normalisation of calcium plasma levels 
using intravenous calcium infusion; other ions alterations are particularly important, i.e. the 
correction of hypomagnesaemia that causes impaired secretion of PTH from parathyroid 
glands and precludes the correction of hypocalcemia. 

5. Chronic hypocalcemia treatment  
The conventional treatment of chronic hypocalcemia and hypoparathyroidism is based on 
calcium salts, vitamin D (mainly calcitriol), and drugs that increase renal tubular 
reabsorption of calcium as thiazides. However, over the past few years, the administration 
of synthetic recombinant human parathyroid hormone (rhPTH) 1–34 once or twice daily, 
even with more physiological releasing devices in patients with hypoparathyroidism has 
proved to reduce urinary calcium excretion compared with calcitriol therapy, and to 
maintain serum calcium in the normal range, thus avoiding chronic hypercalciuria that may 
lead to renal function impairment, nephrocalcinosis and renal insufficiency in the long term. 
On the other hand, new vitamin D analogues have been investigated to maintain calcium 
levels on normal range without hypercalciuria complications. 
In this section we will describe conventional and new treatment approaches of chronic 
hypocalcemia mainly focused on post surgical hypoparathyroidism, due to the important 
innovations appeared in last years.  

5.1 Conventional treatments  
The conventional treatment of chronic hypocalcaemia and hypoparathyroidism is based on 
calcium salts, vitamin D (mainly calcitriol), and drugs that increase renal tubular 
reabsorption of calcium as thiazides.  
Treatment objectives are to maintain free ionized calcium levels within the normal interval 
or plasma calcium in the lower half or slightly below the normal range (8.0-8.5 mg/dL), and 
to avoid hypercalciuria (< 250 mg urine calcium/24 hours) and other treatment 
complications. It should be directed at the underlying disorder (Shoback, 2008).  
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5.2 Calcium salts 
Long-term treatment of patients with chronic hypocalcemia is warranty with 1 to 3 g of 
elementary calcium per day in the various forms of salts available (table 1) because of the 
increased excretion of calcium. Interrupting the supplement can rapidly lower an elevated 
calcium value. It should be must be scheduled in 3-4 doses with meals to facilitates its 
absorption. Calcium carbonate is by far the most used calcium salts due to its low cost, 
despite of gastrointestinal adverse effects and that it requires gastric acidification to assure 
its absorption; thus achlorhydric patients or under proton-pump inhibitors treatment should 
be avoid unlike citrate calcium and should be taken with food or citrus drinks to promote 
maximal absortion. Besides, calcium citrate is preferable because it increases urinary citrate 
thus helping calcium to stay in solution (Harvey et al, 1988). Of the calcium preparations 
available, only the carbonate and citrate salts contain sufficient elemental calcium (per 
tablet) for the efficient treatment of most patients with hypoparathyroidism. Other 
preparations may be used in patients who cannot tolerate citrate and carbonate salts. The 
percentage of elemental calcium is lower in these other preparations, and do not adds any 
benefit (Maeda et al, 2006; Shoback, 2008). 
 

Calcium Salts Ca element content 
Milligrams of salt needed 1 g 

preparation 
elementary calcium 

Calcium Carbonate 40% 2500 
Calcium Phospathe 38% 2631 
Calcium Chloride 27% 3700 
Calcium Citrate 21% 4762 
Calcium Lactate 13% 7700 

Calcium Gluconate 9% 11100 
Table 1. Calcium salts available. Calcium carbonate: constipation is a common side effect; 
calcium carbonate is best absorbed with meals and with acid present in the stomach.  
Calcium citrated: Recommended in patients who have achlorhydria or who are taking a 
proton-pump inhibitor, in order to achieve sufficient absorption of calcium (Maeda et al, 
2006). 

5.3 Vitamin D 
All patients with hypoparathyroidism must be treated with vitamin D or analogues in 
addition to calcium. Vitamin D chosen must be selected depending on the underlying 
disorder, thus impaired renal 1alpha hydroxylation should be treated with 1alpha 
hydroxilated analogues, but vitamin D insufficiency could be treated with non hydroxilated 
vitamin D metabolites (Cooper & Gittoes, 2008).  
Compared to PTH, replacement with calciferol steroids leads to a higher urinary excretion 
of Ca with an increased risk of nephrocalcinosis. Vitamin D toxicity is an important concern 
and may occur at any time. Manifestations may include altered mental status, fatigue, thirst, 
dehydration, reduced renal function, nephrolithiasis, and constipation. Treatment involves 
discontinuation of the vitamin D preparation and the calcium salt intake. Depending on the 
severity, and especially if the toxic effects are related to treatment with vitamin D 
metabolites with long half-lives, intravenous saline infusion and possibly oral 
glucocorticoids may quickly antagonize vitamin D action and restore normocalcemia in a 
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short period of time. Levels of 25-hydroxyvitamin D must be monitored, even in patients 
receiving calcitrol and alfacalcidiol to assess vitamin D dosage adequacy. The target 25-
hydroxyvitamin D level is 30 ng/ml.  
The current most used drugs are dihydrotachysterol (average half-time 7 days), 
alphacalcidol (average half life-2 days) and calcitriol (average half life-1 day) depending on 
underlying pathology (table 2). Not all drugs are available in all countries and short half-life 
compound are more recommendable due to its higher security. Theorically, for patients 
with labile calcemia, dihydrotachysterol may be preferable because it provides better 
stability but a higher risk of intoxication. When an additional rapid effect is needed or 
security is the priority short-acting drugs can be added. (Maeda et al, 2006). 
On hypoparathyroidism, calcitriol is preferred over vitamin D2/D3 because of its potency, 
rapid onset and offset of action. The vast majority of patients require calcitriol in dosages of 
0.25 µg, taken twice daily, and extremely rare cases up to 0.5 µg four times daily. However, 
vitamin D and calcium dosage show a remarkable variability so straight monitoring and 
titration is warranted  at the beginning of the treatment. 
 

Vitamin D 
metabolites 

25 / 1a 
hydroxilation 

required 
Dosage per day Onset of 

action 
Offset of 

action 

Vitamin D2 
(ergocalciferol)/ 

Vitamin D3 
(cholecalciferol) 

+/+ 25,000-100,000 
UI once daily 10-14 days 14-25 days 

1, 25 OH Vitamin D 
(Calcitriol) -/- 0.25-1 ug twice 

daily 1-2 days 2-3 days 

1a hydroxivitamin D 
(alfacalcidiol) +/- 0.5-3.0 ug daily 1-2 days 5-7 days 

Dihydrotachysterol -/- 0.2-1.0 mg once 
daily 4-7 days 7-21 days 

25 (OH) vitamin D 
(Calcidiol) -/+ 0.625-5 mg 4-8 weeks 6-12 weeks 

Table 2: Vitamin D metabolites and actions (Maeda et al, 2006; Shoback, 2008). 

5.4 Enhanced calcium renal tubular reabsorption: Thiazides 
Hypoparathyroidism causes increased excretion of urinary calcium in relation to serum 
calcium and chronic vitamin D treatment predisposes to hypercalciuria, nephrolithiasis, and 
nephrocalcinosis. The use of drugs that increase renal tubular reabsorption of calcium as 
thiazides could be useful in hypocalcemia as complementary treatment and may help to 
control hypercalciuria (Porter et al, 1978). In fact, patients should be evaluated annually to 
rule out complications of vitamin D chronic treatment as nephrocalcinosis by imaging 
techniques and cataracts with an ophthalmic revision (Levine , 2001), besides high water 
intake is recommended, at least 1.5–2.5 L/day.   

5.5 New treatment approaches  
Treatment of hypoparathyroidism/hypocalcemia with vitamin D metabolites and calcium 
salts are usually well tolerated. However, quality of life studies suggest that despite 
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5.2 Calcium salts 
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Calcium Salts Ca element content 
Milligrams of salt needed 1 g 

preparation 
elementary calcium 
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severity, and especially if the toxic effects are related to treatment with vitamin D 
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short period of time. Levels of 25-hydroxyvitamin D must be monitored, even in patients 
receiving calcitrol and alfacalcidiol to assess vitamin D dosage adequacy. The target 25-
hydroxyvitamin D level is 30 ng/ml.  
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underlying pathology (table 2). Not all drugs are available in all countries and short half-life 
compound are more recommendable due to its higher security. Theorically, for patients 
with labile calcemia, dihydrotachysterol may be preferable because it provides better 
stability but a higher risk of intoxication. When an additional rapid effect is needed or 
security is the priority short-acting drugs can be added. (Maeda et al, 2006). 
On hypoparathyroidism, calcitriol is preferred over vitamin D2/D3 because of its potency, 
rapid onset and offset of action. The vast majority of patients require calcitriol in dosages of 
0.25 µg, taken twice daily, and extremely rare cases up to 0.5 µg four times daily. However, 
vitamin D and calcium dosage show a remarkable variability so straight monitoring and 
titration is warranted  at the beginning of the treatment. 
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Hypoparathyroidism causes increased excretion of urinary calcium in relation to serum 
calcium and chronic vitamin D treatment predisposes to hypercalciuria, nephrolithiasis, and 
nephrocalcinosis. The use of drugs that increase renal tubular reabsorption of calcium as 
thiazides could be useful in hypocalcemia as complementary treatment and may help to 
control hypercalciuria (Porter et al, 1978). In fact, patients should be evaluated annually to 
rule out complications of vitamin D chronic treatment as nephrocalcinosis by imaging 
techniques and cataracts with an ophthalmic revision (Levine , 2001), besides high water 
intake is recommended, at least 1.5–2.5 L/day.   

5.5 New treatment approaches  
Treatment of hypoparathyroidism/hypocalcemia with vitamin D metabolites and calcium 
salts are usually well tolerated. However, quality of life studies suggest that despite 
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optimization or normalization of biochemical values, patients with treated  
hypoparathyroidism  show scores of depression, anxiety and somatisation higher than 
matched controls (Arlt et al, 2002). What is more, vitamin D and calcium salts are not an 
absolutely safe treatment. In fact, treatment is aimed to target low-normal calcium levels in 
order to prevent hypercalciuria and deterioration of renal function at long term.  
In last years, the administration of synthetic human PTH 1-34 once or twice-daily in patients 
having hypoparathyroidism has proved to reduce the level of urinary calcium excretion 
compared with calcitriol therapy as well as maintaining serum calcium in the normal range, 
avoiding chronic hypercalciuria that may lead to impairment of renal function, 
nephrocalcinosis and renal insufficiency. Cost and inconvenience of injection treatment in 
the case of rPTH are the reasons why currently classic treatment with vitamin D plus 
calcium is preferred, despite the risk of hypercalciuria and long term impairment of renal  
function. However, in recent years, successful rhPTH treatment has been reported in cases 
of hypocalcemia and hypoparathyroidism not controlled by conventional therapy, thus 
indicating its usefulness is such a resistant cases (Angelopolulos et al, 2007; Mahajan et al, 
2009; Puig-Domingo et al, 2008, Sanda et al, 2008, Shiohara et al, 2006; Winer et al, 2008). 
On the other hand, research on calcium sensing receptor and vitamin D analogues have 
opened new and promising investigation in future treatments. In fact, in last years clinical 
availability of cinacalcet, the agonist of Calcium Sensing Receptor has proved to be effective 
for the treatment of hyperparathyroidism (Marcocci et al, 2009). Research on antagonists of 
calcium sensing receptor (calcilytic agents) may be used to promote inactivation of the 
receptor in the parathyroid glands and increase PTH secretion, specially in those 
hypocalcemic patients with activated CaSR mutations (Nemeth et al, 2001; Leth et al, 2010). 

5.6 Recombinant human PTH 
Hypoparathyroidism is one of the few endocrine diseases for which hormone-replacement 
therapy is not the treatment approach. Over the last 10 years, some clinical assays using 
synthetic recombinant human parathyroid hormone 1–34 (rhPTH) administered once or 
twice daily in adults and children with hypoparathyroidism, have proved to maintain 
serum calcium in the normal range as well as reducing urinary calcium excretion compared 
with conventional treatment with vitamin D (Winer et al, 1993, 1996, 1998, 2003, 2008, 2010). 
This treatment modality may prevent renal function impairment, nephrocalcinosis and renal 
insufficiency in the long term as it avoids the chronic hypercalciuric state associated to 
vitamin D administration. On the other hand, many studies have shown that rhPTH 
treatment in adult subjects with osteoporosis produces a rapid rise in bone mineralization, 
which may contribute to a faster recovery of lost bone mineral content of these patients 
(Farocki et al, 2007).  
Despite these advantages, rhPTH has not become the treatment of choice for 
hypoparathyroidism, because conventional treatment with vitamin D and calcium salts is 
usually well tolerated, and rhPTH injection is more expensive. However, in recent years, 
successful rhPTH treatment has been reported in cases of hypocalcaemia and 
hypoparathyroidism not controlled by conventional therapy as an off-label treatment. 
Only a few small, randomized trials have assessed the use of injectable PTH (1-34) and 
supplemental calcium in patients with this condition in a relative short period of follow-up 
of 3 years. In those trials, rhPTH has proved to maintain calcium levels between normal or 
slightly below normal range but with a significantly reduction of urinary calcium excretion. 
Twice-daily rhPTH versus once allowed a marked reduction in the total daily PTH 1–34 
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dose, with less fluctuations in serum calcium, normalization of urine calcium and 
significantly improved metabolic control both in adults and children. Also, rhPTH efficacy 
has been extensively published in case reports dealing with hypocalcemic disorders not 
controlled under conventional treatment, some of them trying to mimic more physiological 
delivery as using multipulse subcutaneous pump PTH delivery (Puig-Domingo et al, 2008). 
Major concerns of rhPTH use are related to safety; those data have been obtained mainly 
from osteoporosis treatment studies. Animal toxicity studies have raised concerns regarding 
dose-dependent PTH effects on the bone (Sato et al, 2002). Long-term, supraphysiological 
doses of recombinant human PTH 1–34 (rhPTH), given under continuous delivery rather 
than in a pulsatile way to rats with normal functioning parathyroid glands, was associated 
to an increased risc of osteosarcoma development. However, this higher risk has been 
associated to a particular effect on rat bones and does not seem relevant to PTH-deficient 
patients receiving physiological replacement doses. In fact, post commercialisation follow-
up has not detected an increase in human osteosarcoma diagnosis until now (Harper et al, 
2007). Anyway, more physiological release of PTH as using subcutaneous pumps delivery 
or patch could be even a safer alternative (Horwitz & Stewart, 2008).  

5.7 Calcium sensing receptor antagonists  
PTH secretion is regulated by a cell surface receptor that detects small changes in the level of 
plasma calcium, the calcium sensing receptor (figure 2). This receptor provides a 
particularly interesting and new molecular target for drugs useful for treating calcium and 
bone disorders. At the moment, a calcimimetic (compounds that mimic or potentiate the 
effects of extracellular calcium at the CaSR) is commercialized as cinacalcet (Mimpara ®) 
and it is approved and used in non surgical or tertiary hyperparathyroidism (Marcocci et al, 
2009).  
In the same way, molecules that blocked CaSR activity will stimulate PTH secretion. 
Although, there is no calcilytic compound available yet for therapeutic human use, some of 
them are under research with promising preliminary results, especially for the treatment of 
patients with CaSR activating mutations whose treatment with vitamin D and calcium does 
not correct the underlying pathophysiological defect, and they often worsen hypercalciuria 
and accelerate kidney stone formation or nephrocalcinosis resulting in impaired renal 
function under conventional treatment (Letz et al, 2010).  

6. Conclusion  
Numerous physiological functions are regulated by calcium metabolism, thus, ensuring a 
stable level of extracellular Ca2+ is a priority for preserving normal homeostasis. In this 
respect, levels of extracellular Ca2+ and phosphorus are tightly regulated by complex 
mechanisms in which key participants are parathyroid hormone, calcitonin and 1-25 
dihydroxyvitamin D through their effects over parathyroid glands, bone, kidney and 
intestine. Any alteration of this close balance between the hormones involved in calcium 
metabolism could originate hypocalcemia.  
Although post surgical hypoparathyroidism is the most common cause, diagnosis and 
treatment of hypocalcemic disorders require a detailed study and infrequent causes should 
also be evaluated and ruled out. Hypoparathyroidism could be classified into two main 
groups: vitamin D related causes and parathyroid hormone related causes. Although, 
conventional treatment of chronic hypocalcaemia and hypoparathyroidism is based on 
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optimization or normalization of biochemical values, patients with treated  
hypoparathyroidism  show scores of depression, anxiety and somatisation higher than 
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nephrocalcinosis and renal insufficiency. Cost and inconvenience of injection treatment in 
the case of rPTH are the reasons why currently classic treatment with vitamin D plus 
calcium is preferred, despite the risk of hypercalciuria and long term impairment of renal  
function. However, in recent years, successful rhPTH treatment has been reported in cases 
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hypoparathyroidism not controlled by conventional therapy as an off-label treatment. 
Only a few small, randomized trials have assessed the use of injectable PTH (1-34) and 
supplemental calcium in patients with this condition in a relative short period of follow-up 
of 3 years. In those trials, rhPTH has proved to maintain calcium levels between normal or 
slightly below normal range but with a significantly reduction of urinary calcium excretion. 
Twice-daily rhPTH versus once allowed a marked reduction in the total daily PTH 1–34 

 
New Trends in Calcium and Phosphorus Metabolism Disorders – Hypoparathyroidism 

 

411 
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delivery as using multipulse subcutaneous pump PTH delivery (Puig-Domingo et al, 2008). 
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doses of recombinant human PTH 1–34 (rhPTH), given under continuous delivery rather 
than in a pulsatile way to rats with normal functioning parathyroid glands, was associated 
to an increased risc of osteosarcoma development. However, this higher risk has been 
associated to a particular effect on rat bones and does not seem relevant to PTH-deficient 
patients receiving physiological replacement doses. In fact, post commercialisation follow-
up has not detected an increase in human osteosarcoma diagnosis until now (Harper et al, 
2007). Anyway, more physiological release of PTH as using subcutaneous pumps delivery 
or patch could be even a safer alternative (Horwitz & Stewart, 2008).  
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PTH secretion is regulated by a cell surface receptor that detects small changes in the level of 
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and it is approved and used in non surgical or tertiary hyperparathyroidism (Marcocci et al, 
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Although, there is no calcilytic compound available yet for therapeutic human use, some of 
them are under research with promising preliminary results, especially for the treatment of 
patients with CaSR activating mutations whose treatment with vitamin D and calcium does 
not correct the underlying pathophysiological defect, and they often worsen hypercalciuria 
and accelerate kidney stone formation or nephrocalcinosis resulting in impaired renal 
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also be evaluated and ruled out. Hypoparathyroidism could be classified into two main 
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calcium salts, vitamin D (mainly calcitriol) and drugs that enhance renal tubular 
reabsorption of calcium, the administration of synthetic recombinant human parathyroid 
hormone (rhPTH) 1–34 and research in calcium sensing receptor have opened new 
promising fields in the last few years.   
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1. Introduction 
The last decade has seen that several of the dominant and recessive forms of hypo- and 
hyperphosphatemic bone disease have received their molecular explanation. This has led to 
new insight into the pathophysiology of hypo- and hyperphosphatemic bone disease, as 
well as the understanding of a bone-kidney axis which operates integrated and in parallel 
with the classical parathyroid-kidney axis in the regulation of phosphorus content in the 
body. In addition, it has led to the recognition of a Janus face of some of the involved genes, 
showing both hyper- and hypofunction, dependent on the nature of the mutation.  In this 
book chapter, we will present an update on the emerging insight of monogenic hypo- and 
hyperphosphatemic disorders. 

2. Genetic mechanisms and pathophysiology 
Hypophosphatemia may lead to bone or dental disease resulting from decreased 
mineralization (calcification) of bone or dental matrix or osteoid. The simultaneous blood 
calcium levels will also influence the degree of mineralization. Hypophosphatemia leads to 
rickets in children or to osteomalacia in adults. In many of the hypophosphatemic 
conditions, there is also an impairment of renal activation of vitamin D, further aggravating 
disease. The mineralization of teeth can also be affected, and there are clinical forms where 
bone affection is minimal and the dental disorders dominate. 
Hyperphosphatemia may lead to increased mineralization of both bone and non-bone 
tissues (ectopic calcification) due to an increase in the body content of phosphorus. This 
results in tumoral calcinosis with calcification of muscles, skin and vessels. The monogenic 
forms affect the renal handling of phosphorus by various mechanisms resulting from 
inactivation or activation of the involved genes.  
With the advancement of genetic insight and the subsequent possibility to study subjects 
with mutations and a wide range of phenotypes, a broader phenotypic pattern is 
recognized. Consequently, we suggest the more appropriate terms of monogenic 
hypophosphatemia and monogenic hyperphosphatemia for these disorders, and that the 
specific disorders should be classified according to the affected gene, e.g. PHEX-
hypophosphatemia and FGF23-hyperphosphatemia (Table 1). 
We will now provide an overview of the genes directly implicated in monogenic phosphate 
balance disorders. Please refer to textbooks for a discussion of genes indirectly affecting 
phosphate balance (i.e.  genes leading to defective parathyroid gland development or 
disrupted PTH receptor function). 
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Gene Classical disease name Suggested new name 

PHEX X-linked dominant 
hypophosphatemic rickets PHEX-hypophosphatemia 

DMP1 AR hypophosphatemic 
rickets DMP1-hypophosphatemia 

GALNT3 
Familial 
hyperphosphatemic 
tumoral calcinosis 

GALNT3-
hyperphosphatemia 

FGF23 

AD hypophosphatemic 
rickets FGF23- hypophosphatemia 

Familial 
hyperphosphatemic 
tumoral calcinosis 

FGF23- hyperphosphatemia 

FGFR1 Osteogophonic dysplasia 
with hypophosphatemia FGFR1- hypophosphatemia 

KL 

Hypophosphatemic rickets 
and hyperparathyroidism KL-hypophosphatemia 

Hyperphosphatemic 
tumoral calcinosis KL-hyperphosphatemia 

SLC34A1 
Hypophosphatemic 
nefrolithiasis/ 
osteoporosis 

SLC34A1- 
hypophosphatemia 

SLC34A3 HHRH SLC34A1- 
hypophosphatemia 

SLC9A3R1 
Hypophosphatemic 
nephrolithiasis/ 
osteoporosis 

SLC9A3R1-
hypophosphatemia 

ENPP1 AR hypophosphatemic 
rickets, type 2 ENPP1-hypophosphatemia 

Table 1. Overview of genes directly implicated in monogenic phosphate balance disorders 
AR, autosomal recessive; AD autosomal dominant, HHRH, Hereditary hypophosphatemic 
rickets with hypercalciuria.  

2.1 PHEX 
The PHEX (Phosphate-regulating endopeptidase homolog, XB; MIM* 300550) gene consists 
of 22 exons (Sabbagh, Boileau et al. 2003) and was positionally cloned in 1995 (HYP 
Consortium 1995). This gene is encoding a transmembrane protein and belongs to the type II 
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integral membrane zinc-dependent endopeptidase family. The gene is expressed in a wide 
variety of tissues including the kidney with a higher expression in mature osteoblasts and 
odontoblasts.  The substrate for the gene product is not known, but the pathogenesis seems 
to involve phosphate regulating humoral factors, phosphatonins, where the fibroblast 
growth factor-23 (FGFR-23) is central (Jonsson, Zahradnik et al. 2003; Juppner 2007; Bastepe 
and Juppner 2008).  (See section 2.11 for a discussion on the physiological and 
pathophysiological mechanisms involved.) The protein is also believed to be involved in 
bone and dentin mineralization. Both the whole-body and bone-specific (osteocalcin-
promoted inactivation) knockout mouse model of PHEX as well as the spontaneous Hyp 
mouse model display increased bone production, increased levels of serum FGF23, 
decreased kidney membrane NPT2 and osteomalacia (Yuan, Takaiwa et al. 2008). Cell 
studies indicate mechanistic defects both during protein processing in the endoplasmic 
reticulum and cell membrane (Sabbagh, Boileau et al. 2001) and as abrogated catalytic 
activity (Sabbagh, Boileau et al. 2003). 
There are several mutations associated with PHEX-hypophosphatemia (see the PHEX 
mutation database: http://www.phexdb.mcgill.ca/) and most of the mutations are located 
in the region encoding the extracellular domain, but there are also examples of pathological 
mutations in the 5’UTR (Dixon, Christie et al. 1998) and 3’UTR (Ichikawa, Traxler et al. 2008) 
of the gene.  
 

 
Fig. 1. PHEX gene structure and the corresponding encoded regions. Adapted from 
(Sabbagh, Boileau et al. 2003). 

There is no clear genotype-phenotype correlation (Holm, Nelson et al. 2001). There is a 
slight dominance of familiar mutations (showing co-segregation with disease in a pedigree) 
to de novo mutations (sporadic) reported in literature (Holm, Nelson et al. 2001). The 
penetrance is high, although there are examples of non-penetrance (Gaucher, Walrant-
Debray et al. 2009). The expressivity varies (Brame, White et al. 2004).  

2.2 DMP1 
The DMP1 gene (dentin matrix acidic phosphoprotein 1; MIM* 600980) gene consists of 6 
exons on chromosome 4q21, and was first implicated in a phosphate balance disorder in 
2006 Lorenz-Depiereux, Bastepe et al. 2006). DMP1 is highly expressed in osteocytes, and is 
a member of the ‘SIBLING’ (small integrin binding ligand n-linked glycoprotein) family of 
non-collagenous extracellular matrix proteins involved in bone mineralization (Huq, Cross 
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Fig. 1. PHEX gene structure and the corresponding encoded regions. Adapted from 
(Sabbagh, Boileau et al. 2003). 
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et al. 2005). The DMP1 knockout model displays rickets and osteomalacia with isolated renal 
phosphate wasting associated with elevated FGF23 levels and normocalciuria (Feng, Ward 
et al. 2006).  In humans, homozygous or compound heterozygous mutations in DMP1 leads 
to hypophosphatemic rickets with elevated FGF23, isolated phosphate wasting, and no 
evidence of hypercalciuria. The exact relation between DMP1 and FGF23 levels is not 
known, but in vitro studies have shown that  vitamin D increases the expression of both 
(Farrow, Davis et al. 2009). 
There are only a few reported mutations in the literature (Feng, Ward et al. 2006; Lorenz-
Depiereux, Bastepe et al. 2006; Farrow, Davis et al. 2009; Koshida, Yamaguchi et al. 2010; 
Makitie, Pereira et al. 2010; Turan, Aydin et al. 2010), making DMP1 mutations a rare cause 
of hypophosphatemic rickets (Gaucher, Walrant-Debray et al. 2009). 
 

 
Fig. 2. DMP1 gene structure and the corresponding encoded regions. Based on (Huq, Cross 
et al. 2005). 

2.3 GALNT3  
The O-glycosylation of serine and threonine residues on many glycoproteins depend on 
enzymatic catalyzation of the reaction UDP-GalNAc + polypeptide-(Ser/Thr)-OH to 
GalNAc-alpha-O-Ser/Thr-polypeptide + UDP. GalNAcT3 is one of 24 members in the UDP-
GalNAc:polypeptide N-acetylgalactosaminyltransferase protein family involved in this 
process. 
GalNAcT3 is encoded by the GALNT3 gene (MIM *601756) on chromosome 2q24-q31, which 
contains 10 exons. GalNAcT3 is thought to protect FGF23 from proteolysis (Kato, Jeanneau 
et al. 2006) by O-glycosylation, and a deactivating mutation in GALNT3 will thus lead to 
increased breakdown of FGF23. Mutations in GALNT3 were the first to be associated with 
familial tumoral calcinosis (FTC) (Topaz, Shurman et al. 2004), and are also seen in the 
closely related disease, the hyperphosphatemic hyperostosis syndrome (HHS). These are the 
only diseases known to be caused by mutations in the family of UDP-GalNAc:polypeptide 
N-acetylgalactosaminyltransferases. Although the process of O-glycosylation is important in 
many tissues, mutations in GALNT3 lead to a very restricted phenotype with 
hyperphosphatemia, periarticular calcifications and hyperostosis. This is thought to be 
explained by functional redundancy of this protein family. In addition to the effects on bone 
and renal phosphate handling caused by altered FGF23 metabolism, mutations in GALNT3 
are also thought to have direct effect in the process of ectopic calcification in extraosseous 
tissues (Chefetz and Sprecher 2009). 
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2.4 FGF23 
The FGF23 gene (MIM*605380) on chromosome 12 is composed of 3 exons, and encodes a 
member of the fibroblast growth factor family. The protein product, FGF23, acts via its 
receptor FGFR1 (fibroblast growth factor receptor 1, see 2.5), but is also dependent on the 
co-receptor Klotho (-Klotho) to exert its functions (see below). Furthermore, FGF23 belongs 
to the FGF19 family where the two other family members, FGF19 and FGF21, (also binding 
to FGFR1) are dependent on ß -Klotho to exert their functions, illustrating the role of a co-
receptor to ensure tissue specificity and function (Kurosu, Choi et al. 2007). FGF23 exerts its 
physiological effects on the kidney by the downregulation of the CYP27B1 gene leading to a 
loss of compensatory increase in 1,25(OH)2vitamin D levels, and by the endocytosis of the 
type IIa and IIc Na/phosphate (Pi) cotransporters (Npt2a and Npt2c) from the renal 
proximal tubular brush border membrane.  
Heterozygous activating mutations in the cleavage site RXXR motif of exon 3 of FGF23, 
leads to stabilization and decreased degradation of the FGF23. The clinical phenotype is 
autosomal dominant hypophosphatemic rickets (Econs,  McEnery et al. 1997; 2000). 
Homozygous inactivating missense mutations in FGF23 lead to hyperphosphatemic familial 
tumoral calcinosis, due to decreased renal excretion of phosphate and increased renal α-
hydroxylation of vitamin D (Benet-Pages, Orlik et al. 2005; Ichikawa, Baujat et al. 2010). 

2.5 FGFR1 
The Fibroblast growth factor receptor 1 gene FGFR1 (MIM*136315) located on chromosome 
8p11 encodes a protein member of the FGFR (1-4) family, where the members are all 
receptor tyrosine kinases. FGFR1-3 are implicated in skeletal development, and various 
mutations in the corresponding genes are responsible for a number of skeletal dysplastic 
syndromes (Passos-Bueno, Wilcox et al. 1999).  There are several subclasses of FGFRs, 
depending on the number of immunoglobulin-like loops and splicing differences in the 
third loop. FGFR1C combines with Klotho (KL) to become the functional receptor for FGF23 
(Urakawa, Yamazaki et al. 2006). 
Mutations in the FGFR1C lead to constitutive activation of the receptor and subsequent 
downregulation of the expression of the sodium-phosphate co-transporters NaPiIIa and 
NaPiIIc, as well as the downregulation of the CYP27B1 gene leading to a loss of 
compensatory increase in 1,25(OH)2vitamin D levels (Shimada, Hasegawa et al. 2004).  

2.6 KL 
Klotho (KL) (MIM*604824) is located to chromosome 13q12, comprises 5 exons, and encodes 
the protein Klotho (also known as α-Klotho), which in mice is considered a hormone with 
anti-aging properties (Kurosu, Yamamoto et al. 2005). KL knockout mice will go through a 
rapid aging process, and have decreased insulin secretion and increased insulin sensitivity 
(Kuro-o, Matsumura et al. 1997), while overexpression of KL leads to a prolonged life span 
in mice (Kurosu, Yamamoto et al. 2005). In addition, Klotho has been associated with 
disturbances of phosphate metabolism, as it is an obligate co-receptor for the binding of 
FGF23 to FGFR1C. In humans, there are two KL transcripts; one encoding a membrane 
bound protein and one encoding a secreted protein. Human KL is expressed mainly in the 
kidney, and the secreted variant seems to dominate (Matsumura, Aizawa et al. 1998). Recent 
findings from mouse studies suggest that Klotho has endocrine, paracrine and autocrine 
effects independent of FGF23 (Hu, Shi et al. 2010).   



  
Contemporary Aspects of Endocrinology 

 

418 

et al. 2005). The DMP1 knockout model displays rickets and osteomalacia with isolated renal 
phosphate wasting associated with elevated FGF23 levels and normocalciuria (Feng, Ward 
et al. 2006).  In humans, homozygous or compound heterozygous mutations in DMP1 leads 
to hypophosphatemic rickets with elevated FGF23, isolated phosphate wasting, and no 
evidence of hypercalciuria. The exact relation between DMP1 and FGF23 levels is not 
known, but in vitro studies have shown that  vitamin D increases the expression of both 
(Farrow, Davis et al. 2009). 
There are only a few reported mutations in the literature (Feng, Ward et al. 2006; Lorenz-
Depiereux, Bastepe et al. 2006; Farrow, Davis et al. 2009; Koshida, Yamaguchi et al. 2010; 
Makitie, Pereira et al. 2010; Turan, Aydin et al. 2010), making DMP1 mutations a rare cause 
of hypophosphatemic rickets (Gaucher, Walrant-Debray et al. 2009). 
 

 
Fig. 2. DMP1 gene structure and the corresponding encoded regions. Based on (Huq, Cross 
et al. 2005). 

2.3 GALNT3  
The O-glycosylation of serine and threonine residues on many glycoproteins depend on 
enzymatic catalyzation of the reaction UDP-GalNAc + polypeptide-(Ser/Thr)-OH to 
GalNAc-alpha-O-Ser/Thr-polypeptide + UDP. GalNAcT3 is one of 24 members in the UDP-
GalNAc:polypeptide N-acetylgalactosaminyltransferase protein family involved in this 
process. 
GalNAcT3 is encoded by the GALNT3 gene (MIM *601756) on chromosome 2q24-q31, which 
contains 10 exons. GalNAcT3 is thought to protect FGF23 from proteolysis (Kato, Jeanneau 
et al. 2006) by O-glycosylation, and a deactivating mutation in GALNT3 will thus lead to 
increased breakdown of FGF23. Mutations in GALNT3 were the first to be associated with 
familial tumoral calcinosis (FTC) (Topaz, Shurman et al. 2004), and are also seen in the 
closely related disease, the hyperphosphatemic hyperostosis syndrome (HHS). These are the 
only diseases known to be caused by mutations in the family of UDP-GalNAc:polypeptide 
N-acetylgalactosaminyltransferases. Although the process of O-glycosylation is important in 
many tissues, mutations in GALNT3 lead to a very restricted phenotype with 
hyperphosphatemia, periarticular calcifications and hyperostosis. This is thought to be 
explained by functional redundancy of this protein family. In addition to the effects on bone 
and renal phosphate handling caused by altered FGF23 metabolism, mutations in GALNT3 
are also thought to have direct effect in the process of ectopic calcification in extraosseous 
tissues (Chefetz and Sprecher 2009). 

 
Monogenic Phosphate Balance Disorders   

 

419 

2.4 FGF23 
The FGF23 gene (MIM*605380) on chromosome 12 is composed of 3 exons, and encodes a 
member of the fibroblast growth factor family. The protein product, FGF23, acts via its 
receptor FGFR1 (fibroblast growth factor receptor 1, see 2.5), but is also dependent on the 
co-receptor Klotho (-Klotho) to exert its functions (see below). Furthermore, FGF23 belongs 
to the FGF19 family where the two other family members, FGF19 and FGF21, (also binding 
to FGFR1) are dependent on ß -Klotho to exert their functions, illustrating the role of a co-
receptor to ensure tissue specificity and function (Kurosu, Choi et al. 2007). FGF23 exerts its 
physiological effects on the kidney by the downregulation of the CYP27B1 gene leading to a 
loss of compensatory increase in 1,25(OH)2vitamin D levels, and by the endocytosis of the 
type IIa and IIc Na/phosphate (Pi) cotransporters (Npt2a and Npt2c) from the renal 
proximal tubular brush border membrane.  
Heterozygous activating mutations in the cleavage site RXXR motif of exon 3 of FGF23, 
leads to stabilization and decreased degradation of the FGF23. The clinical phenotype is 
autosomal dominant hypophosphatemic rickets (Econs,  McEnery et al. 1997; 2000). 
Homozygous inactivating missense mutations in FGF23 lead to hyperphosphatemic familial 
tumoral calcinosis, due to decreased renal excretion of phosphate and increased renal α-
hydroxylation of vitamin D (Benet-Pages, Orlik et al. 2005; Ichikawa, Baujat et al. 2010). 

2.5 FGFR1 
The Fibroblast growth factor receptor 1 gene FGFR1 (MIM*136315) located on chromosome 
8p11 encodes a protein member of the FGFR (1-4) family, where the members are all 
receptor tyrosine kinases. FGFR1-3 are implicated in skeletal development, and various 
mutations in the corresponding genes are responsible for a number of skeletal dysplastic 
syndromes (Passos-Bueno, Wilcox et al. 1999).  There are several subclasses of FGFRs, 
depending on the number of immunoglobulin-like loops and splicing differences in the 
third loop. FGFR1C combines with Klotho (KL) to become the functional receptor for FGF23 
(Urakawa, Yamazaki et al. 2006). 
Mutations in the FGFR1C lead to constitutive activation of the receptor and subsequent 
downregulation of the expression of the sodium-phosphate co-transporters NaPiIIa and 
NaPiIIc, as well as the downregulation of the CYP27B1 gene leading to a loss of 
compensatory increase in 1,25(OH)2vitamin D levels (Shimada, Hasegawa et al. 2004).  

2.6 KL 
Klotho (KL) (MIM*604824) is located to chromosome 13q12, comprises 5 exons, and encodes 
the protein Klotho (also known as α-Klotho), which in mice is considered a hormone with 
anti-aging properties (Kurosu, Yamamoto et al. 2005). KL knockout mice will go through a 
rapid aging process, and have decreased insulin secretion and increased insulin sensitivity 
(Kuro-o, Matsumura et al. 1997), while overexpression of KL leads to a prolonged life span 
in mice (Kurosu, Yamamoto et al. 2005). In addition, Klotho has been associated with 
disturbances of phosphate metabolism, as it is an obligate co-receptor for the binding of 
FGF23 to FGFR1C. In humans, there are two KL transcripts; one encoding a membrane 
bound protein and one encoding a secreted protein. Human KL is expressed mainly in the 
kidney, and the secreted variant seems to dominate (Matsumura, Aizawa et al. 1998). Recent 
findings from mouse studies suggest that Klotho has endocrine, paracrine and autocrine 
effects independent of FGF23 (Hu, Shi et al. 2010).   



  
Contemporary Aspects of Endocrinology 

 

420 

Inactivating mutations will lead to familial hyperphosphatemic tumoral calcinosis, similar 
to the phenotypes seen in GALNT3-hyperphosphatemia and FGF23-hyperphosphatemia 
(Ichikawa, Imel et al. 2007).  
There is also one report of an activating translocation of the KL gene, leading to 
hypophosphatemic rickets with a phenotype similar to PHEX-hypophosphatemia but with 
additional distinctive dysmorphic features of the head (Brownstein, Adler et al. 2008). 

2.7 SLC34A1 
The solute carrier 34 (SLC34) gene family includes the three genes SLC34A1, SLC34A2 and 
SLC34A3, all encoding sodium/phosphate cotransporters. SLC34A2 encodes the intestinal 
NaPi-IIb, and will not be further discussed. SLC34A1 and SLC34A3 encode the two renal 
sodium/phosphate cotransporters, and the latter is described in 2.8 section. 
The SLC34A1 (MIM*182309) gene is expressed in the renal proximal tubule, and encodes the 
type IIa Na/Pi cotransporter (NaPi-IIa), which plays a central role in renal phosphate 
handling in various animal models. The expression of NaPi-IIa in the brush border 
membrane is regulated at the post translational level, by endocytosis and lysosomal 
degradation or microtubular recruitment (Tenenhouse 2005). Both PTH and FGF23 lead to 
increased endocytosis of NAPi-IIa, and thus decreased reabsorption of Pi from filtered 
urine, whereas hypophosphatemia and 1,25 dihydroxyvitamin D stimulate phosphate 
reabsorption (Tenenhouse 2005). There also seems to be a directly regulating effect of 
dietary Pi on Na/Pi cotransport in proximal tubules, and the existence of an intestinal-renal 
axis for phosphate regulation has been proposed [review: (Biber, Hernando et al. 2009)]. 
NaPi-IIa double knockout mice have hypophosphatemia, phosphaturia, elevated 1,25 
dihydroxyvitamin D with resulting hypercalcemia, hypercalcuria and 
nephrocalcinosis/nephrolithiasis (Beck, Karaplis et al. 1998). This phenotype resembles 
hereditary hypophosphatemic rickets with hypercalcuria (HHRH) seen in humans, which 
interestingly is not caused by mutations in SLCA34A1, but rather by mutations in SLC34A3 
(NaPi-IIc) (see 2.8). 
In man, a few cases have been described of heterozygous mutations in SLC34A1, leading to 
a syndrome of hypophosphatemia, osteoporosis and nephrolithiasis (Prie, Huart et al. 2002). 

2.8 SLC34A3 
The human SLC34A3 (MIM*609826) gene, consists of 13 exons on chromosome 9q34, and 
homozygous mutations in this gene  lead to hereditary hypophosphatemic rickets with 
hypercalciuria (HHRH) (Bergwitz, Roslin et al. 2006; Lorenz-Depiereux, Benet-Pages et al. 
2006). The phenotype of HHRH resembles that of NaPi-IIa knockout mice, but the patients also 
display rickets or osteomalacia. In animal models the type IIc Na/Pi cotransporter (NaPi-IIc) 
has been shown to play a more minor role in proximal tubular phosphate resorption than 
NaPi-IIa. The opposite might be the case in man (Amatschek, Haller et al. 2010). 

2.9 SLC9A3R1 
The SLC9A3R1 (MIM*604990) gene on chromosome 17 encodes the protein NHERF1 
(sodium/hydrogen exchanger regulatory factor 1), which plays a part in maintaining the 
cytoskeleton in polarized cells with microvilli, such as renal tubular cells. Three different 
mutations in SLC9A3R1 have recently been identified in 7 subjects with hypophosphatemia 
due to phosphaturia, nephrolithiasis and osteoporosis (Karim, Gerard et al. 2008). 
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2.10 ENPP1 
The ENPP1 (ectonucleotide pyrophosphatase/phosphodiesterase 1) (MIM*173335) gene on 
chromosome 6q22-q23 comprises 23 exones and encodes a type II transmembrane 
glycoprotein ectoenzyme responsible for the generation of inorganic pyrophosphate (PPi). 
PPi is an inhibitor of hydroxyapatite crystal growth, and also suppress chondrogenesis. In 
mice, ENPP1 is expressed in plasma cells, on hepatocytes, renal tubules, salivary duct 
epithelium, epididymis, capillary endothelium in the brain, and chondrocytes (Harahap and 
Goding 1988). In man it has been shown that ENPP1 is expressed in liver, cartilage and 
bone, and is thought to regulate physiological mineralization processes and pathological 
chondrocalcinosis (Huang, Rosenbach et al. 1994). 
Homozygous mutations in ENPP1 are known to cause generalized arterial calcifications of 
infancy (GACI) (Rutsch, Vaingankar et al. 2001; Rutsch, Ruf et al. 2003). Recently, 
homozygous mutations in ENPP1 have been shown to cause autosomal recessive 
hypophosphataemic rickets (Levy-Litan, Hershkovitz et al. 2010). In some families, identical 
mutations cause GACI in some family members and hypophosphatemic rickets in other 
family members (Lorenz-Depiereux, Schnabel et al. 2010). Prolonged survival in GACI has 
been observed in subjects who have simultaneously displayed renal phosphate loss (Rutsch, 
Boyer et al. 2008).  
Mutations in ENPP1 have also been associated with susceptibility to insulin resistance and 
obesity (Goldfine, Maddux et al. 2008). 

2.11 An integrated model for the physiological and pathophysiological mechanisms in 
the renal phosphate regulation 
Figure 3 shows the integrated physiological and pathophysiological mechanisms in the 
renal phosphate regulation. The parathyroid-renal axis has been the traditional model 
explaining how PTH stimulates the renal tubular cells to phosphaturia as a negative 
feedback loop response to elevated phosphate levels (Figure 3A). In this model PTH acts via 
its receptor to block the sodium-phosphate co-transporters NaPiIIa and NaPiIIc encoded by 
the SLC34A1 and SLC34A3 genes, respectively. In addition, PTH stimulates the CYP27B1 
gene leading to a compensatory increase in 1,25(OH)2vitamin D levels as a negative 
feedback loop to reduced serum levels of 1,25(OH)2vitamin D and calcium.  There is, 
however, also a PTH-independent pathway where hormonal substances from bone, 
phosphatonins, stimulate the renal tubular cells to phosphaturia in a negative feedback 
response to elevated serum phosphate and 1,25(OH)2vitamin D levels. Recent emerging 
insight has laid the foundation for this model of a bone-kidney axis (Quarles 2003), where 
fibroblast growth factor 23 (FGF23) seems to be the central phosphatonin inhibiting 
phosphate reabsorption and hence inducing phosphaturia (Figure 3B). In contrast to PTH, 
FGF23 inhibits CYP27B1 gene leading to an absent compensatory increase in 
1,25(OH)2vitamin D levels, recognized by clinicians as inappropriate normal 
1,25(OH)2vitamin D levels. In the normal state PHEX and DMP1 gene products seem to 
inhibit FGF23 production, whereas the GALNT3 gene product seems to stimulate FGF23 
production. By interfering with the bone-kidney axis, increased FGF23 levels seem to play a 
central role in the pathogenesis of PHEX-hypophosphatemia (Jonsson, Zahradnik et al. 2003) 
(Figure 3C) and potentially also DMP1-hypophosphatemia (Lorenz-Depiereux, Bastepe et al. 
2006; Turan, Aydin et al. 2010) and FGF23- hypophosphatemia (Imel, Hui et al. 2007), but 
the mechanisms are still poorly known (Strom and Juppner 2008). It is also poorly known 
how increased FGF23 levels in FGF23- hyperphosphatemia and GALNT3- 
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hyperphosphatemia explain the opposite condition of hyperphosphatemia (Topaz, Shurman 
et al. 2004; Benet-Pages, Orlik et al. 2005). A current model postulates that mutations in 
PHEX lead to increased FGF23 production by cancelled PHEX-mediated inhibition of FGF23 
production (Figure 3 C). 

 
Fig. 3. Physiological and pathophysiological conditions in the phosphate regulation. For 
sake of clarity, only gene names are depicted and not the corresponding gene products. 
Adapted from (Bastepe and Juppner 2008; Strom and Juppner 2008). 

Both the parathyroid-renal axis and the bone-kidney axis seem to be negative feedback 
loops where increased serum phosphate levels compared to a biological set value leads to 
phosphaturia. These two axes are different with respect to 1,25(OH)2vitamin D: Whereas 
low 1,25(OH)2vitamin D levels stimulating 1,25(OH)2vitamin D activation is the major 
regulation in the parathyroid-renal axis, high 1,25(OH)2vitamin D levels inhibiting 
1,25(OH)2vitamin D activation is the major regulation in the bone-kidney axis. Recent work 
also points to interactions between these feedback loops where FGF23 inhibits PTH, 
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whereas PTH possibly stimulates FGF23 (Figure 3D). Mutations in genes encoding the 
sodium-phosphate co-transporters such as SLC34A1, SLC34A3 and SLC9A3R1 lead to 
increased phosphaturia but since the 1,25(OH)2vitamin D activation is unaffected, there is a 
normal compensatory increase in 1,25(OH)2vitamin D levels.  Whether gene mutations lead 
to hypophosphatemia or hyperphosphatemia is dependent on the location of the gene 
product in the pathways outlined above and whether the mutation is activating or 
inactivating the affected gene.  

3. Diagnostic considerations 
The diagnosis of monogenic hypo- or hyperphosphatemia requires the demonstration of 
affected phosphate balance in patients in which acquired causes of phosphate disturbance 
have been excluded. A family history of rickets, kidney stones, soft tissue calcification, bone 
deformities or recurrent fractures, as well as an indication of monogenic inheritance pattern 
is usually found, unless the patient seems to represent a sporadic case. In the case of 
hypophosphatemia, there is typically low plasma phosphate, low renal tubular reabsorption 
of phosphate (% TRP) and tubular threshold maximum for phosphate for glomerular 
filtration rate (TmP/GFR), raised alkaline phosphatase, normal PTH, and inappropriate and 
normal 25(OH) and 1,25(OH)2 vitamin D levels. Moreover, the urinary calcium excretion is 
normal, whereas X-ray changes may demonstrate rickets or osteomalacia. FGF23 levels are 
typically high, either due to overproduction or under-catabolism, and in children with 
rickets, the combined evaluation of FGF23 and PTH leads differential diagnosis in the 
direction of impaired phosphate homeostasis (high FGF23 and normal PTH) or altered 
metabolism of vitamin D, calcium or magnesium (low FGF23 and high PTH) (Alon 2010). In 
the case of hyperphosphatemia, there is usually high plasma phosphate, an inappropriate 
normal % TRP and TmP/GFR, a low or normal PTH and normal renal function. In some 
cases, the clinical picture and inheritance pattern will suggest a specific genetic diagnosis, 
and, in addition, the blood FGF23 levels and hypercalciuria may differentiate between 
different genetic disorders of phosphate balance, although the clinical role of blood FGF23 
levels is at present not fully elucidated. 

3.1 PHEX 
PHEX-hypophosphatemia (X-linked dominant) is usually a progressive disorder with a typical 
onset at the age when the child starts to walk. The most common clinical manifestations 
include genu varus, radiological rickets, short stature, bone pain, dental abscesses and 
calcification of tendons, ligaments and joint capsules with boys being more severely affected 
than girls and a wide variation between families (Econs, Samsa et al. 1994; Carpenter 1997; 
Bastepe and Juppner 2008). Some patients may even have craniosynosteosis and spinal 
stenosis. Many patients suffer from long lasting dental problems, particularly tooth decay and 
recurrent spontaneous dental abscesses that occur in the absence of a history of trauma or 
dental decay. Histological findings include high pulp horns, globular dentin, and defects of 
dentin and enamel. The primary teeth are most commonly affected, as the mineralization 
process starts in utero. Permanent teeth develop after birth, and adequate treatment improve 
development in some cases (Batra, Tejani et al. 2006). In children with rickets, a low serum 
phosphorus level, combined with high serum alkaline phosphatase and normal serum calcium 
is typical (Carpenter 1997). Urinary leakage of phosphate is demonstrated by low % TRP and 
TmP/GFR, whereas urinary calcium is normal. The PTH levels are usually normal or slightly 
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elevated, even before the onset of therapy. The 25(OH)vitamin D is normal, and there is no 
compensatory increase in 1,25(OH)2vitamin D levels due to defective renal activation of 
vitamin D, and, hence, no hypercalciuria. The FGF23 levels are increased (Jonsson, Zahradnik 
et al. 2003), and since the lower extremities are more severely affected than the other parts of 
the skeleton, radiographs of the knees and ankles will demonstrate the extent of rickets. The 
diagnosis of PHEX-hypophosphatemia is confirmed by genetic analysis. 

3.2 DMP1 
DMP1-hypophosphatemia (autosomal recessive) is usually a progressive disorder with a 
typical onset at the age when the child starts to walk. The condition is rarer than PHEX-
hypophosphatemia, but is phenotypically quite similar to PHEX- and FGF23- 
hypophosphatemie. There is no compensatory increase in 1,25(OH)2vitamin D levels due to 
defective renal activation of vitamin D and hence no hypercalciuria. The circulation levels of 
FGF23 are increased (Feng, Ward et al. 2006). The degree of skeletal abnormalities varies 
between families (Makitie, Pereira et al. 2010). Some patients also have dental affection, with 
hypomineralization, enlarged pulp chambers, and decrease in the dentin and enamel layers, 
which can cause dental abscesses and loss of teeth (Koshida, Yamaguchi et al. 2010; Turan, 
Aydin et al. 2010). 

3.3 GALNT3 
GALNT3-hyperphosphatemia is the result of biallelic mutation in the GALNT3-gene, and 
leads to typical tumoral calcinosis (TC) (Topaz, Shurman et al. 2004) or hyperostosis-
hyperphosphatemia syndrome (HHS). There are several mutations in the GALNT3 gene, 
and the same mutation can lead to TC in some patients and HHS in other (Ichikawa, Baujat 
et al. 2010). TC is characterized by ectopic calcifications in soft tissues and around large 
joints, recognized clinically as palpable masses and/or on radiography. Calcifications may 
also be found in the retina, in blood vessels, as testicular microlithiasis, and there might be 
dental abnormalities. HHC is characterized by hyperostosis of long bones, seen 
radiographically as cortical hyperostosis, diaphysitis and periosteal apposition. The 
biochemical findings in TC and HHC are similar, with elevated serum phosphate levels, 
increased or normal 1,25(OH)2vitamin D levels. The levels of serum calcium and 
parathyroid hormone are normal. Some authors suggest that TC and HHS are clinical 
variants of the same disease (Ichikawa, Baujat et al. 2010). 

3.4 FGF23 
FGF23-hypophosphatemia (autosomal dominant) shows a variable age at onset of 
disease.  
The expression of disease varies, and some children may have fracture tendency without 
skeletal deformities, whereas other children may have only temporary renal phosphate loss 
(Econs and McEnery 1997). Tooth abscesses and loss also occurs (Imel, Hui et al. 2007). 
FGF23-hyperphosphatemia (autosomal recessive) shows typical tumoral calcinosis , or more 
rarely the hyperostosis-hyperphosphatemia syndrome (Benet-Pages, Orlik et al. 2005). 

3.5 FGFR1 
FGFR1R-hypophosphatemia is characterized by osteoglophonic dysplasia and can be 
associated with hypophosphatemia (Farrow, Davis et al. 2006). Clinical features are skeletal 
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abnormalities leading to dwarfism and facial abnormalities similar to achondroplasia. There 
is often failure of tooth eruption, and mandibular malformations. Patients may also have 
various degrees of craniosynostosis (White, Cabral et al. 2005). 

3.6 KL 
To date only one case of KL-hypophosphatemia has been described in the literature 
(Brownstein, Adler et al. 2008). A 1-year old girl suffered from poor linear growth and 
increasing head size. She had clinical and radiological signs of rickets, 
hypophosphatemia, renal phosphate wasting and elevated levels of parathyroid hormone 
and alkaline phosphatase. A balanced translocation between chromosomes 9 and 13 was 
detected (t(9,13)(q21.13;q13.1)). This translocation had led to upregulation of KL-
transcription. After a few years she demonstrated dysmorphic features of the face, and 
also an Arnold-Chiari 1 malformation (Brownstein, Adler et al. 2008). Dental affection has 
not been described. 
KL-hyperphosphatemia has also been described in only one report (Ichikawa, Imel et al. 
2007). A 13 year old girl presented with severe calcifications in soft tissues and in the 
vasculature, including the dura and the carotid arteries. In addition to hyperphosphatemia 
and hypercalcemia, she presented with hyperparathyroidism and elevated levels of FGF23. 
She had no signs of premature aging, which is seen in KL knockout mice. Dental affection 
has not been described. 

3.7 SLC34A1 and SLC34A3 
In SLC34A1- and SLC34A3-hypophosphatemia, there is hypophosphatemic rickets with 
hypercalciuria without other tubular defects (Tieder, Modai et al. 1985). The inheritance 
pattern is autosomal recessive. Since there is normal renal activation of vitamin D (in 
contrast to PHEX-hypophosphatemia and DMP1-hypophosphatemia), hypophosphatemia 
leads to a normal compensatory increase in 1,25(OH)2vitamin D levels and increased 
absorption of calcium and phosphate from the gut.  

3.8 SLC9A3R1 
A total of 7 cases of SLC9A3R1-hypophosphatemia (hypophosphatemia, 
nephrolithiasis/osteoporosis) have been described to date (Karim, Gerard et al. 2008). All 
patients were adults, and had either nephrolithiasis and/or bone demineralization 
combined with hypophosphatemia and hyperphosphaturia. 1,25 (OH)2 vitamin D levels 
were either elevated or in the upper normal range. Dental affection has not been described. 

3.9 ENPP1 
ENPP1-hypophosphatemia (autosomal recessive) has a variable age at onset and a variable 
phenotype including Generalized Arterial Calcification of Infancy (GACI). Also there seems 
to be phenotypic variation within the same family among affected subjects carrying the 
same mutation. Whereas the classic presentation is that of severe arterial calcification 
leading to death in infancy, some patients have renal phosphate wasting and 
hypophosphatemia. This phosphate loss seems to attenuate the tendency of arterial 
calcifications, and is associated with prolonged survival (Lorenz-Depiereux, Schnabel et al. 
2010).  
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4. Management principles 
4.1 Hypophosphatemia 
Hypophosphatemic rickets is in childhood usually treated with elementary phosphorus at 
doses preferentially between 30 and 60 (100) mg/kg bodyweight and 24 hours, usually 
divided by 4-6 doses, whereas the deficient 1,25(OH)2vitamin D production is treated with 
active vitamin D, e.g. alphacalcidol or calcitriol in doses of 20 to 70 ng/kg bodyweight and 
24 hours, usually divided by 2 doses. It should, however, be emphasized that the dosage 
ranges for both phosphate and active vitamin D are wide, dependent on the severity of the 
disease, the compliance and the occurrence of complications. In SLC34A1- and SLC34A3-
hypophosphatemia, activation of vitamin D is normal, and, consequently, there is no need 
for treatment with vitamin D.  
It is important to adjust the drug doses individually and bear in mind that insufficient doses 
of elementary phosphorus and vitamin D may fail to prevent or correct skeletal deformities 
(rickets, osteomalacia) and can lead to growth retardation. On the other hand, excessive 
doses may lead to nephrocalcinosis (high phosphate doses), as well as hypercalciuria and 
hypercalcemia (high vitamin D levels). Secondary (and even tertiary) hyperparathyroidism 
is seen in patients with insufficient doses of vitamin D or excessive doses of phosphorus. We 
recommend aiming at normal levels of PTH, which in severe cases may be obtained by 
adding the calcimimetic drug cinacalcet to the treatment (Raeder, Bjerknes et al. 2008).  
Close monitoring is necessary to balance the effects of phosphorus supplement and active 
vitamin D. Growth, serum calcium, phosphorus, alkaline phosphatase, PTH, as well as 
urinary calcium/creatinine ratio should be determined every 3-6 months, and X-rays of 
ankles, knees and wrist should be taken yearly. Renal ultrasound should be obtained yearly 
to assess nephrocalcinosis.  
Supplementary treatment with growth hormone is currently not recommended for the 
growth retardation caused by hypophosphatemia (Huiming and Chaomin 2005), but may be 
warranted in selected cases. Corrective osteotomies are seldom necessary in childhood, and 
it should always be deferred until the rickets has healed. Future therapeutic possibilities 
may include direct targeting of blood FGF23 levels. 

4.2 Hyperphosphatemia 
Patients with hyperphosphatemia due to monogenic phosphate balance disorders, i.e. 
GALNT3-hyperphosphatemia, FGF23-hyperphosphatemia and KL-hyperphosphatemia, 
develop ectopic and vascular calcifications. Combined use of intestinal phosphate binders 
and the carbonic anhydrase inhibitor acetazolamide has been reported to lower serum 
phosphorus levels and reduce tumoral masses in some patients (Garringer, Fisher et al. 
2006). However, other reports suggest that neither medical nor surgical treatment seems to 
be effective in controlling ectopic calcifications in these conditions (Carmichael, Bynum et al. 
2009). Future therapeutic possibilities may include direct targeting of blood FGF23 levels. 

4.3 Genetic diagnostics and predictive testing 
Identification of a specific mutation has important therapeutic and prognostic implications 
and tailored follow-up as outlined above.  Distinction between PHEX-hypophosphatemia 
and DMP1-hypophosphatemia can be done clinically based on the inheritance pattern, but 
in some cases there is an ambiguous inheritance pattern (Figure 4) and a genetic test will 
resolve this ambiguity. 
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Fig. 4. An example of ambiguous inheritance pattern. Note that in this case, the pattern is 
compatible both with an X-linked disorder (i.e. PHEX-hypophosphatemia) and an AR 
disorder (i.e. DMP1-hypophosphatemia). 

Monogenic phosphate balance disorders warrant genetic counseling, because of the known 
inheritance pattern and the high penetrance. This is also the case for novel gene variants 
where it is necessary to establish evidence for causality based on co-segregation studies and 
prediction tools (such as Polyphen http://genetics.bwh.harvard.edu/pph/)). Predictive 
genetic testing is less straightforward, and the legal regulations vary in different countries. 
Communicating genetic information can be difficult and it is important to take into account 
how well the individual understands both genetics in general and the disorder itself and the 
consequences of potentially diagnosing other family subjects. The basic fact that there is a 
25% or 50% probability for a child to carry the family’s mutation should be conveyed to the 
parents. In addition, the probability for the development of the disorder in the presence of a 
mutation (i.e. the penetrance) is not always 100%. The variable and in some cases 
unpredictable age of onset of some of the disorders should also be discussed. By increasing 
knowledge of the clinical spectrum of mutations, novel expected manifestations need to be 
discussed with the patient. A system for follow-up is required for children without a 
phenotype but with affected family members and where parents still request that their child 
be tested. This follow-up may include periodic testing for hypophosphatemia, with a 
frequency dependent on age and the suspected condition. 

5. Research perspectives 
We have established a national database of patients with hypophospahtemic bone disorder in 
order to study phenotype-genotype correlation in this disease and to be able to explore novel 
pathophysiologic pathways based on insight obtained from studies of families with no 
previously known genetic cause of monogenic hypophosphatemic bone disorder. We believe 
that a new classification of disease based on genetic etiology instead of clinical criteria may 
facilitate the finding of new phenotypes since it will facilitate the study of unobserved 
phenotypes, both in the patients and in their presumably unaffected relatives carrying 
mutations. In addition, it is possible that emerging new treatment options may vary based on 
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be effective in controlling ectopic calcifications in these conditions (Carmichael, Bynum et al. 
2009). Future therapeutic possibilities may include direct targeting of blood FGF23 levels. 

4.3 Genetic diagnostics and predictive testing 
Identification of a specific mutation has important therapeutic and prognostic implications 
and tailored follow-up as outlined above.  Distinction between PHEX-hypophosphatemia 
and DMP1-hypophosphatemia can be done clinically based on the inheritance pattern, but 
in some cases there is an ambiguous inheritance pattern (Figure 4) and a genetic test will 
resolve this ambiguity. 
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Fig. 4. An example of ambiguous inheritance pattern. Note that in this case, the pattern is 
compatible both with an X-linked disorder (i.e. PHEX-hypophosphatemia) and an AR 
disorder (i.e. DMP1-hypophosphatemia). 

Monogenic phosphate balance disorders warrant genetic counseling, because of the known 
inheritance pattern and the high penetrance. This is also the case for novel gene variants 
where it is necessary to establish evidence for causality based on co-segregation studies and 
prediction tools (such as Polyphen http://genetics.bwh.harvard.edu/pph/)). Predictive 
genetic testing is less straightforward, and the legal regulations vary in different countries. 
Communicating genetic information can be difficult and it is important to take into account 
how well the individual understands both genetics in general and the disorder itself and the 
consequences of potentially diagnosing other family subjects. The basic fact that there is a 
25% or 50% probability for a child to carry the family’s mutation should be conveyed to the 
parents. In addition, the probability for the development of the disorder in the presence of a 
mutation (i.e. the penetrance) is not always 100%. The variable and in some cases 
unpredictable age of onset of some of the disorders should also be discussed. By increasing 
knowledge of the clinical spectrum of mutations, novel expected manifestations need to be 
discussed with the patient. A system for follow-up is required for children without a 
phenotype but with affected family members and where parents still request that their child 
be tested. This follow-up may include periodic testing for hypophosphatemia, with a 
frequency dependent on age and the suspected condition. 

5. Research perspectives 
We have established a national database of patients with hypophospahtemic bone disorder in 
order to study phenotype-genotype correlation in this disease and to be able to explore novel 
pathophysiologic pathways based on insight obtained from studies of families with no 
previously known genetic cause of monogenic hypophosphatemic bone disorder. We believe 
that a new classification of disease based on genetic etiology instead of clinical criteria may 
facilitate the finding of new phenotypes since it will facilitate the study of unobserved 
phenotypes, both in the patients and in their presumably unaffected relatives carrying 
mutations. In addition, it is possible that emerging new treatment options may vary based on 
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the genetic diagnosis which warrants studies of associations between gene variants and 
therapeutic effects. Future studies of monogenic phosphate balance disorders will probably 
continue to include genomewide studies of families with genetically unexplained phosphate 
balance disorders. Animal and cell studies will probably also continue to contribute to the 
understanding of disease mechanism, and, in particular, the use of induced pluripotent stem 
cells (iPS) seems to be a promising new tool in the mechanistic and therapeutic studies 
(Rosenzweig 2010) as well as the use of small molecule screens in the search for new 
therapeutic options in monogenic disease (Shaw, Blodgett et al. 2011) .  

6. Conclusion 
As we have discussed in this book chapter, several of the dominant and recessive forms of 
hypo- and hyperphosphatemic bone disease have received their molecular explanation 
leading to new insight into the pathophysiology of hypo- and hyperphosphatemic bone 
disease. The major advancement in pathophysiological understanding has come from the 
understanding of a bone-kidney axis where the central bone phosphatonin FGF23 acts on 
FGFR1-receptors in the kidneys to promote phosphaturia and from the understanding of all 
the factors converging on this axis. In fact, this axis ties together the known monogenic 
forms of renal phosphate disorders. In addition, the understanding of the genetics and 
pathophysiology of these disorders has led to the recognition of the two faces of some of the 
involved genes, showing both hyper- and hypofunction, dependent on the nature of the 
mutation, which is in particular the case for mutations affecting the KL and FGF23 genes.  
We recommend the use of a genetic-oriented classification instead of the traditional disease-
oriented classification since we believe that this will facilitate a broader understanding of the 
phenotype of monogenic phosphate balance disorders. Whereas increased molecular 
understanding has led to a more precise diagnosis, it has not yet led to new established 
treatment. We believe, however, that the molecular understanding will indeed facilitate the 
development of new treatment options with the use of the powerful tools including iPS cells 
and small molecular screens. 
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1. Introduction 
Albright hereditary osteodystrophy (AHO) is a genetic syndrome characterized by a 
distinctive set of developmental and skeletal defects that may easily be misdiagnosed as 
exogenous obesity in children. There are very few publications detailing the comprehensive 
management of children and adolescents with this disorder. This chapter provides a 
comprehensive discussion of the various aspects of this disorder. At the end, the reader 
should be able to: (1) List the clinical features of Albright hereditary osteodystrophy, (2) 
Identify the genetic and molecular abnormalities of AHO, (3) List the clinical features of 
pseudohypoparathyroidism type 1a (PHP 1a), (4) Describe the management of children and 
adolescents with PHP 1a. 

2. Genetics of Albright hereditary osteodystrophy 
The molecular basis for AHO is a heterozygous mutation of the gene that encodes the G-
stimulatory subunit (Gsα) of guanine nucleotide-binding protein—the GNAS gene—that is 
located at chromosome 20q13.2. This type of mutation leads to a loss of expression or 
function of the Gsα which impairs the transmission of stimulatory signals to adenylate 
cyclase, limiting cyclic AMP generation necessary for hormone action(Lietman, 2008). 
The GNAS gene is subject to imprinting. Patients with AHO who have GNAS mutations on 
maternally inherited alleles manifest resistance to multiple hormones, such as parathyroid 
hormone (PTH), thyroid stimulating hormone (TSH), gonadotropins, growth-hormone-
releasing hormone (GHRH), and glucagon(Brickman, 1986; Weinstein, 2004). These defects 
lead to PHP 1a. On the other hand, patients with AHO who have GNAS mutations on 
paternally inherited alleles have only the phenotypic features of AHO without hormonal 
resistance, a condition termed pseudopseudohypoparathyroidism (PPHP) (Lietman, 2008). 
PHP 1b is an autosomal dominant disorder that is associated with the presence of hormone 
resistance that is limited to PTH target organs, normal Gsα activity, and the absence of 
features of AHO(Levine, 1983). PHP 1c is associated with features of AHO, resistance to 
multiple hormones, and normal GNAS activity while PHP type 2 is associated with renal 
resistance to PTH action and the absence of AHO phenotype(Levine, 2000). 
More than 50 different loss-of-function mutations of GNAS have been reported in more 
than 70 affected individuals. Pohlenz et al.(Pohlenz, 2003) have reported a missense 
mutation, which results in the amino-acid substitution (Lys338Asn) in codon 338 of exon 
12 of the GNAS gene associated with congenital hypothyroidism in AHO, though they did 
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distinctive set of developmental and skeletal defects that may easily be misdiagnosed as 
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The molecular basis for AHO is a heterozygous mutation of the gene that encodes the G-
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located at chromosome 20q13.2. This type of mutation leads to a loss of expression or 
function of the Gsα which impairs the transmission of stimulatory signals to adenylate 
cyclase, limiting cyclic AMP generation necessary for hormone action(Lietman, 2008). 
The GNAS gene is subject to imprinting. Patients with AHO who have GNAS mutations on 
maternally inherited alleles manifest resistance to multiple hormones, such as parathyroid 
hormone (PTH), thyroid stimulating hormone (TSH), gonadotropins, growth-hormone-
releasing hormone (GHRH), and glucagon(Brickman, 1986; Weinstein, 2004). These defects 
lead to PHP 1a. On the other hand, patients with AHO who have GNAS mutations on 
paternally inherited alleles have only the phenotypic features of AHO without hormonal 
resistance, a condition termed pseudopseudohypoparathyroidism (PPHP) (Lietman, 2008). 
PHP 1b is an autosomal dominant disorder that is associated with the presence of hormone 
resistance that is limited to PTH target organs, normal Gsα activity, and the absence of 
features of AHO(Levine, 1983). PHP 1c is associated with features of AHO, resistance to 
multiple hormones, and normal GNAS activity while PHP type 2 is associated with renal 
resistance to PTH action and the absence of AHO phenotype(Levine, 2000). 
More than 50 different loss-of-function mutations of GNAS have been reported in more 
than 70 affected individuals. Pohlenz et al.(Pohlenz, 2003) have reported a missense 
mutation, which results in the amino-acid substitution (Lys338Asn) in codon 338 of exon 
12 of the GNAS gene associated with congenital hypothyroidism in AHO, though they did 
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not state the precise mechanism by which this mutation leads to hypothyroidism. A Q35X 
mutation in exon 1 has been associated with growth-hormone deficiency(Germain-Lee, 
2003), whereas a de novo, missense mutation, W281R in exon 11, has been linked to 
progressive osseous heteroplasia, a rare, autosomal-dominant condition that presents in 
childhood as dermal ossification that progresses to involve deep skeletal muscles(Chan, 
2004). Germain-Lee et al.(Germain-Lee, 2003) identified a patient with a Q29X mutation, 
and Nwosu et al. (Nwosu, 2009) reported the association of Q29X mutation  with a 
phenotype that includes Albright hereditary osteodystrophy, morbid obesity, acanthosis 
nigricans, insulin resistance, growth-hormone deficiency, hypothyroidism, and 
subcutaneous calcification. 

3. Clinical features 
3.1 General appearance 
The developmental and skeletal defects that characterize AHO include short stocky 
physique (Figure 1a), round face, mental deficiency, heterotopic ossification, and 
brachymetaphalangism(Weinstein, 1993) (Figure 1 b, c). AHO is present in types 1a and 1c 
and PPHP. Hormonal resistance is seen in PHP 1a, PHP 1c and PHP type 2. 

3.2 Stature 
The prevalence of short adult height in PHP 1a is reported to be as high as 80%(Nagant de 
Deuschaisnes, 2007). Although height during childhood may be normal, adult height is 
often subnormal. The reason for the short stature in PHP 1a is multifactorial and includes 
GHRH resistance and chondrocytic dysfunction as explained below in section 3.8.  

3.3 Mental deficiency 
Learning disabilities and psychomotor retardation have been described in PHP 1a(Chen, 
2005). The mechanism of this mental deficiency is unknown and early institution of thyroid 
hormone replacement does not seem to prevent the development of mental 
deficiency(Weisman, 1985). There appears to be a correlation with reduced Gsα since 
patients with PHP 1b do not present with mental deficiency in spite of equivalent serum 
calcium and phosphate abnormalities(Wilson, 1994). This mental deficiency is generally 
mild, but ranges from moderately severe delay to normal educational ability.   

3.4 Ectopic calcification 
In patients with PHP 1a, soft-tissue calcification has been reported in various body parts, 
especially in the subcutaneous tissues, and rarely in the brain and cardiac septum(Schuster, 
1992). Persistent hyperparathyroidism is believed to have some causative role in this 
abnormal calcification. This situation is distinct from progressive osseous heteroplasia 
(Chan, 2004), a rare condition that causes dermal ossification. 

3.5 Brachymetaphalangism 
The hand abnormalities in the PHP and PPHP forms of AHO are indistinguishable 
(Poznanski, 1977). The malformations involve both the phalanges and metacarpals and are 
often symmetrical(Wilson, 1994) (Figure 1b). Shortening of the distal phalanx of the thumb 
is estimated to occur in 75% of AHO patients(Poznanski, 1977). Similar shortening occur in 
the metacarpals. Metacarpal shortening often involves the fourth and the fifth 
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metacarpals(Poznanski, 1977; Steinbach, 1965). Shortening of the metatarsals (Figure 1c), 
especially the third and fourth, is seen in about 70% of persons with AHO(Steinbach, 1966).  
 

 
Fig. 1. a, b, c, d. Features suggestive of Albright hereditary osteodystrophy(Nwosu, 2009) 
Figure 1 | Features suggestive of Albright hereditary osteodystrophy in the patient. a | 
Photo of a patient at 5 years of age showing an obese phenotype, round face, broad chest, 
short neck and digits consistent with pseudohypoparathyroidism type 1a. b | Photo of the 
patient’s hand at 5 years of age showing brachyphalangism of the fingers, especially the 
third through fifth digits. c | Photo of the patient’s feet at 5 years of age showing 
brachyphalangism of the toes. d | Bone age radiograph of the patient at 7 years of age 
showing premature fusion of the epiphyses of the distal phalanges of the thumb, 
midphalanges of both the second and fifth fingers, and shortening of the third through fifth 
metacarpals. Her bone age was read as 13 years at a chronological age of 7 years and 8 
months. 

3.6 Obesity and insulin resistance 
Insulin resistance has not been described in patients with PHP 1a, and acanthosis nigricans 
is not a typical finding in AHO. Germain-Lee et al(Germain-Lee, 2003) reported a patient 
with acanthosis nigricans in a cohort of 13 patients with PHP 1a who had normal 
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hemoglobin A1c and fasting insulin levels. Nwosu et al(Nwosu, 2009) described a child with 
PHP 1a with acanthosis nigricans and insulin resistance (Figure 2). 
A patient with Albright hereditary osteodystrophy-like syndrome with a normal GNAS gene 
that was complicated by type 2 diabetes mellitus with severe insulin resistance, growth-
hormone deficiency and diabetes insipidus has been described(Sakaguchi, 1998). Long et 
al.(Long, 2007) reported that obesity is a more prominent feature of PHP 1a than of PPHP, and 
that severe obesity is characteristic of PHP 1a. They postulated that paternal imprinting of Gsα 
occurs in the hypothalamus such that maternal, but not paternal, Gsα mutations lead to loss of 
the melanocortin signaling cascade, which is important for signaling satiety. This loss of satiety 
signaling then leads to greater alteration in energy balance and notably greater insulin 
resistance in individuals with PHP 1a (as shown in Figure 2) than in those with PPHP. 
 

 
Fig. 2. Acanthosis nigricans of the neck folds in a patient with Albright Hereditary 
Osteodystrophy(Nwosu, 2009) 

The insulin receptor belongs to a large class of tyrosine kinase receptors, and is 
structurally distinct from the heptahelical Gs receptors. The development of insulin 
resistance in the patient shown in Figure 2 most probably resulted from the combined 
effects of obesity, growth-hormone treatment, a family history of type 2 diabetes mellitus, 
and abnormal melanocortin signaling, as noted above. Obesity is the most common cause 
of insulin resistance in children(Caprio, 2002). It is postulated to represent a subclinical 
inflammatory state that promotes the production of proinflammatory factors, such as 
interleukin 6 and tumor necrosis factor, which are involved in the pathogenesis of insulin 
resistance(Bastard, 2006). Growth hormone antagonizes insulin's effects on glucose 
metabolism by inhibiting insulin-induced glucose uptake through the inhibition of insulin 
receptor substrate-2-associated phosphatidylinositol-3-kinase activity, without affecting 
glucose transporter 4 translocation(Sasaka-Suzuki N, 2009). A family history of type 2 
diabetes mellitus conveys not only heritable genetic information, but also reveals familial 
behaviors and social norms that may exacerbate the individual's risk for insulin resistance 
and frank diabetes(Meigs, 2008). 
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3.7 Biochemical profile 
The biochemical profile in patients with PHP 1a shows evidence of PTH resistance, with 
elevated serum concentrations of PTH and phosphate, and low or normal serum levels of 
ionized calcium. Serum TSH concentrations are elevated from infancy indicating TSH 
resistance at the receptor-complex level. Subnormal peak growth-hormone levels of <7.5 
µg/l are commonly found when growth-hormone stimulation tests are carried out(Scott, 
1995). Serum gonadotropins are either normal or slightly elevated in women with AHO 
despite their hypoestrogenic status(Namnoum, 1998). This is believed to be due to partial 
resistance to gonadotropins in the granulosa and theca cells of the ovary(Namnoum, 1998).  

3.8 Bone age and other skeletal and radiologic features 
The bone ages of children with PHP 1a are more advanced than would be expected for their 
stage of sexual maturation. Premature epiphyseal fusion occurs selectively in the hands and 
feet of affected patients(de Wijn, 1982; Steinbach, 1966). Furthermore, the phalanges of 
patients either lack epiphyses or have epiphyses that are partially fused when they first 
develop, which makes accurate assessments of bone age very difficult(Steinbach, 1966). This 
abnormal epiphyseal fusion is postulated to result from the loss of Gsα, which induces 
resistance to parathyroid-hormone-related protein which, in turn, promotes premature 
differentiation of proliferating chondrocytes into hypertrophic chondrocytes(Kobayashi, 
2002; Tavella, 2004; van der Eerden, 2000). This series of events leads to early closure of the 
growth plate and limb-reduction defects. Despite early fusion of the epiphyses in the 
phalanges, the epiphyses of long bones may remain open, thus an increase in height with 
growth-hormone therapy is still possible. 
Other radiological features of PHP 1a in children include rickets which results from low 
levels of 1,25-dihydroxyvitamin D as a result of PTH resistance(Wilson, 1994). Generalized 
osteoporosis and osteitis fibrosa cystica(Burnstein, 1985; Steinbach, 1966) can be seen, and 
these pathologies are suggestive of some preservation of the skeletal remodeling response to 
the raised levels of circulating PTH(Kerr, 1987). Some of the skeletal abnormalities 
associated with AHO include shortened ulna, radial and tibial bowing, coxa vara, coxa 
valga and caudal narrowing of interpedicular distance(Wilson, 1994).  

3.9 Hormonal defects and manifestations 
In addition to the AHO phenotype, biochemical and hormonal derangements in PHP 1a 
lead to characteristic patterns of presentation.  PHP 1a is associated with resistance to 
multiple hormones, such as PTH, TSH, gonadotropins, growth-hormone-releasing hormone, 
and glucagon(Brickman, 1986; Weinstein, 2004). 
PHP 1a accompanied by growth-hormone deficiency was first described in 1995(Scott, 1995). 
The short stature of patients with PHP 1a results from a combination of several factors, such 
as epiphyseal defects and resistance to GHRH(Scott, 1995). This hormone resistance results 
in the inability of GHRH to stimulate pituitary somatotropes to produce growth hormone. 
Many patients with PHP 1a present with subclinical hypothyroidism in infancy (Pohlenz, 
2003; Scott, 1995), as a result of resistance to TSH action. Resistance to PTH action could lead 
to hypocalcemia which could be complicated by hypocalcemic seizures, and/or muscle 
spasms. Resistance to the actions of the gonadotropins results in hypogonadism or 
menstrual irregularities in women with PHP 1a. The mechanism of this reproductive 
dysfunction is believed to be due to a partial resistance of the theca and granulosa cells of 
the ovary to gonadotropins due to deficient Gsα activity (Namnoum, 1998).  
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signaling then leads to greater alteration in energy balance and notably greater insulin 
resistance in individuals with PHP 1a (as shown in Figure 2) than in those with PPHP. 
 

 
Fig. 2. Acanthosis nigricans of the neck folds in a patient with Albright Hereditary 
Osteodystrophy(Nwosu, 2009) 

The insulin receptor belongs to a large class of tyrosine kinase receptors, and is 
structurally distinct from the heptahelical Gs receptors. The development of insulin 
resistance in the patient shown in Figure 2 most probably resulted from the combined 
effects of obesity, growth-hormone treatment, a family history of type 2 diabetes mellitus, 
and abnormal melanocortin signaling, as noted above. Obesity is the most common cause 
of insulin resistance in children(Caprio, 2002). It is postulated to represent a subclinical 
inflammatory state that promotes the production of proinflammatory factors, such as 
interleukin 6 and tumor necrosis factor, which are involved in the pathogenesis of insulin 
resistance(Bastard, 2006). Growth hormone antagonizes insulin's effects on glucose 
metabolism by inhibiting insulin-induced glucose uptake through the inhibition of insulin 
receptor substrate-2-associated phosphatidylinositol-3-kinase activity, without affecting 
glucose transporter 4 translocation(Sasaka-Suzuki N, 2009). A family history of type 2 
diabetes mellitus conveys not only heritable genetic information, but also reveals familial 
behaviors and social norms that may exacerbate the individual's risk for insulin resistance 
and frank diabetes(Meigs, 2008). 
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3.7 Biochemical profile 
The biochemical profile in patients with PHP 1a shows evidence of PTH resistance, with 
elevated serum concentrations of PTH and phosphate, and low or normal serum levels of 
ionized calcium. Serum TSH concentrations are elevated from infancy indicating TSH 
resistance at the receptor-complex level. Subnormal peak growth-hormone levels of <7.5 
µg/l are commonly found when growth-hormone stimulation tests are carried out(Scott, 
1995). Serum gonadotropins are either normal or slightly elevated in women with AHO 
despite their hypoestrogenic status(Namnoum, 1998). This is believed to be due to partial 
resistance to gonadotropins in the granulosa and theca cells of the ovary(Namnoum, 1998).  

3.8 Bone age and other skeletal and radiologic features 
The bone ages of children with PHP 1a are more advanced than would be expected for their 
stage of sexual maturation. Premature epiphyseal fusion occurs selectively in the hands and 
feet of affected patients(de Wijn, 1982; Steinbach, 1966). Furthermore, the phalanges of 
patients either lack epiphyses or have epiphyses that are partially fused when they first 
develop, which makes accurate assessments of bone age very difficult(Steinbach, 1966). This 
abnormal epiphyseal fusion is postulated to result from the loss of Gsα, which induces 
resistance to parathyroid-hormone-related protein which, in turn, promotes premature 
differentiation of proliferating chondrocytes into hypertrophic chondrocytes(Kobayashi, 
2002; Tavella, 2004; van der Eerden, 2000). This series of events leads to early closure of the 
growth plate and limb-reduction defects. Despite early fusion of the epiphyses in the 
phalanges, the epiphyses of long bones may remain open, thus an increase in height with 
growth-hormone therapy is still possible. 
Other radiological features of PHP 1a in children include rickets which results from low 
levels of 1,25-dihydroxyvitamin D as a result of PTH resistance(Wilson, 1994). Generalized 
osteoporosis and osteitis fibrosa cystica(Burnstein, 1985; Steinbach, 1966) can be seen, and 
these pathologies are suggestive of some preservation of the skeletal remodeling response to 
the raised levels of circulating PTH(Kerr, 1987). Some of the skeletal abnormalities 
associated with AHO include shortened ulna, radial and tibial bowing, coxa vara, coxa 
valga and caudal narrowing of interpedicular distance(Wilson, 1994).  

3.9 Hormonal defects and manifestations 
In addition to the AHO phenotype, biochemical and hormonal derangements in PHP 1a 
lead to characteristic patterns of presentation.  PHP 1a is associated with resistance to 
multiple hormones, such as PTH, TSH, gonadotropins, growth-hormone-releasing hormone, 
and glucagon(Brickman, 1986; Weinstein, 2004). 
PHP 1a accompanied by growth-hormone deficiency was first described in 1995(Scott, 1995). 
The short stature of patients with PHP 1a results from a combination of several factors, such 
as epiphyseal defects and resistance to GHRH(Scott, 1995). This hormone resistance results 
in the inability of GHRH to stimulate pituitary somatotropes to produce growth hormone. 
Many patients with PHP 1a present with subclinical hypothyroidism in infancy (Pohlenz, 
2003; Scott, 1995), as a result of resistance to TSH action. Resistance to PTH action could lead 
to hypocalcemia which could be complicated by hypocalcemic seizures, and/or muscle 
spasms. Resistance to the actions of the gonadotropins results in hypogonadism or 
menstrual irregularities in women with PHP 1a. The mechanism of this reproductive 
dysfunction is believed to be due to a partial resistance of the theca and granulosa cells of 
the ovary to gonadotropins due to deficient Gsα activity (Namnoum, 1998).  
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Whereas resistance to PTH, TSH, growth-hormone-releasing hormone, follicle-stimulating 
hormone, and luteinizing hormone may lead to clinical manifestations, the blunted cyclic 
AMP response to glucagon documented by Brickman et al.(Brickman, 1986) in patients with 
PHP 1a is apparently subclinical, as the glucose response is intact.  

4. Differential diagnosis 
The differential diagnoses of a child with this AHO phenotype include exogenous obesity, 
Cushing syndrome, severe hypoparathyroidism, Prader–Willi syndrome, and Laurence–
Moon–Biedl–Bardet syndrome.  
The generalized metacarpal and phalangeal shortening characteristics of acrodysostosis has 
been observed in cases of AHO(Ablow, 1977). Acrodysostosis presents with similar features 
as AHO including short stature, brachymetaphalangism, advanced bone age, mental 
deficiency and other radiologic features. However, cutaneous ossification does not occur in 
acrodysostosis, and pronounced nasal hypoplasia is a distinguishing feature of 
acrodysostosis, but has been described in PHP 1a(Ablow, 1977). 
Turner syndrome and multiple familial exostoses are associated with short stature and 
metacarpal shortening  but are easily distinguished from AHO(Wilson, 1994).  
A diagnosis is usually reached by reviewing patient’s family history, establishing the 
components of the AHO phenotype, such as short fourth metacarpals, and connecting these 
findings to the existing hormonal defects such as a history of subclinical hypothyroidism or 
parathyroid hormone resistance. 

5. Treatment and management 
The defect in PHP 1a leads to resistance to multiple hormones that mediate their actions 
through cyclic AMP(Spiegel, 1982). These include PTH, TSH, growth-hormone-releasing 
hormone, gonadotropins, glucagon, and possibly TSH-releasing hormone(Balavoine, 2008). 
Patients with Gsα deficiency could, therefore, develop hypothyroidism, hypogonadism, 
growth-hormone deficiency, and pseudohypoparathyroidism, depending on the degree of 
Gsα activity in  specific tissues(Scott, 1995). 

5.1 Hypoparathyroidism 
The initial medical management of all patients with severe, symptomatic hypocalcemia 
should be with intravenous calcium. The recommended initial dose for newborn babies , 
infants and children is 0.5–1.0 ml/kg of 10% calcium gluconate administered over 5 min. 
Administration of oral calcium and 1α-hydroxylated vitamin D metabolites, such as 
calcitriol, is recommended for patients with symptomatic hypocalcemia. The goals of 
therapy are to maintain serum total and ionized calcium levels within the reference range 
and to reduce PTH levels to near normal. This normalization is important because elevated 
PTH levels in patients with PHP 1a could cause increased bone remodeling and lead to 
secondary hyperparathyroid bone disease(Abraham, 2007). 

5.2 Growth-hormone deficiency 
Some children with PHP 1a have hypothalamic growth-hormone deficiency and may benefit 
from therapy with recombinant human growth hormone to achieve optimal adult height. In 
those patients in whom defective growth-hormone secretion is suspected, the epiphyseal 
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defects, commonly mischaracterized as bone-age advancement, should not disqualify these 
children from being considered for growth-hormone therapy. In addition to its effect on 
statural growth, growth-hormone therapy also seems to improve body composition in 
patients with PHP 1a(Nwosu, 2009). 

5.3 Hypothyroidism  
Most patients with PHP 1a present with subclinical hypothyroidism before the onset of 
hypocalcemia. Hypothyroidism is treated with thyroid hormone replacement using 
levothyroxine at age-appropriate and weight-appropriate doses. The aim of management is 
to normalize serum concentrations of TSH and free T4. 

5.4 Hypogonadism 
Common reproductive dysfunctions in persons with PHP 1a include delayed puberty, 
oligomenorrhea and infertility(Abraham, 2007). Each condition requires age-appropriate 
therapy; for example, low-dose estrogenic formulations are used to induce puberty in 
adolescent girls with delayed puberty. 

5.5 Obesity and insulin resistance 
Patients with PHP 1a who also have a family history of type 2 diabetes mellitus may have 
familial risk factors for development of insulin resistance, prediabetes and type 2 diabetes 
mellitus. Growth-hormone therapy improves body composition, but may worsen insulin 
resistance. Lifestyle modifications should be incorporated in the management of patients 
with PHP 1a phenotype who may be at risk of metabolic syndrome. Early introduction of 
oral insulin-sensitizing agents, such as metformin, may be necessary when lifestyle 
modification is ineffective, especially in patients with prediabetes. 

6. Conclusion 
Accurate understanding of the features of AHO will prevent its misdiagnosis as exogenous 
obesity. Children diagnosed with PHP 1a should be further evaluated for associated 
endocrinopathies, such as resistance to growth-hormone-releasing hormone, which may 
lead to growth-hormone deficiency. Preliminary data suggest that the short stature in 
patients with PHP 1a may be ameliorated with growth-hormone therapy in some 
cases(Scott, 1995). The advanced bone age seen in PHP 1a is due to a chondrocytic signaling 
defect, and not due to excess production of sex hormones; therefore, bone-age advancement 
should not preclude affected children from being considered for growth-hormone therapy. 
However, a combination of growth-hormone therapy, family history of type 2 diabetes 
mellitus, and obesity in these children might lead to metabolic complications, such as 
insulin resistance, prediabetes and type 2 diabetes mellitus. 

7. Future directions 
A comprehensive management of a child with PHP 1a must address the controversies 
surrounding authorization of growth hormone therapy for these patients. This is because 
most health insurance carriers decline authorization for GH therapy in these patients 
because of the apparent bone age advancement that affects the digital bones but not the long 
bones.  
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defects, commonly mischaracterized as bone-age advancement, should not disqualify these 
children from being considered for growth-hormone therapy. In addition to its effect on 
statural growth, growth-hormone therapy also seems to improve body composition in 
patients with PHP 1a(Nwosu, 2009). 

5.3 Hypothyroidism  
Most patients with PHP 1a present with subclinical hypothyroidism before the onset of 
hypocalcemia. Hypothyroidism is treated with thyroid hormone replacement using 
levothyroxine at age-appropriate and weight-appropriate doses. The aim of management is 
to normalize serum concentrations of TSH and free T4. 

5.4 Hypogonadism 
Common reproductive dysfunctions in persons with PHP 1a include delayed puberty, 
oligomenorrhea and infertility(Abraham, 2007). Each condition requires age-appropriate 
therapy; for example, low-dose estrogenic formulations are used to induce puberty in 
adolescent girls with delayed puberty. 

5.5 Obesity and insulin resistance 
Patients with PHP 1a who also have a family history of type 2 diabetes mellitus may have 
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oral insulin-sensitizing agents, such as metformin, may be necessary when lifestyle 
modification is ineffective, especially in patients with prediabetes. 

6. Conclusion 
Accurate understanding of the features of AHO will prevent its misdiagnosis as exogenous 
obesity. Children diagnosed with PHP 1a should be further evaluated for associated 
endocrinopathies, such as resistance to growth-hormone-releasing hormone, which may 
lead to growth-hormone deficiency. Preliminary data suggest that the short stature in 
patients with PHP 1a may be ameliorated with growth-hormone therapy in some 
cases(Scott, 1995). The advanced bone age seen in PHP 1a is due to a chondrocytic signaling 
defect, and not due to excess production of sex hormones; therefore, bone-age advancement 
should not preclude affected children from being considered for growth-hormone therapy. 
However, a combination of growth-hormone therapy, family history of type 2 diabetes 
mellitus, and obesity in these children might lead to metabolic complications, such as 
insulin resistance, prediabetes and type 2 diabetes mellitus. 

7. Future directions 
A comprehensive management of a child with PHP 1a must address the controversies 
surrounding authorization of growth hormone therapy for these patients. This is because 
most health insurance carriers decline authorization for GH therapy in these patients 
because of the apparent bone age advancement that affects the digital bones but not the long 
bones.  
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It is equally important to address increasing weight gain in these patients as they are at risk 
for obesity and its co-morbidities. Even though insulin resistance is not part of the 
syndrome, there are increasing reports of worsening insulin resistance in these patients 
which predisposes them to frank diabetes mellitus. This is due to the synergistic effects of 
prevalent obesity and the pre-existing AHO phenotype. 
The presence of delayed puberty may indicate LH and FSH resistance in these patients. 
There is no clear protocol for initiating sex hormone therapy in these patients. Most 
pediatric endocrinologists address this problem by adopting similar therapeutic modalities 
for the induction of the development of secondary sexual characteristics as in patients with 
Turner syndrome.  
Most patients with PHP 1a have variable levels of mental deficiency. It is important to 
address this problem very early in life by recommending additional classroom supervision, 
and in severe cases, instituting an individualized educational plan.  
In summary, a comprehensive management of a patient with PHP 1a includes a thorough 
assessment for associated hormonal defects, the obese phenotype and its comorbidities, and 
the degree of intellectual deficiency. 
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1. Introduction  
Vitamin A (retinol) can be produced in the body by hydrolysis of retinyl esters or reduction 
of retinal. Liver and eggs, which are good animal sources of vitamin A, contain retinyl 
esters. Plant sources such as carrots and spinach contain pro-vitamin A carotenoids, which 
can be cleaved to retinal. Retinal, also called retinaldehyde, is interconvertible with retinol 
(Fig. 1). Retinal also serves as an intermediate in the irreversible production of all-trans-
retinoic acid (ATRA), which is considered the major biologically active derivative of vitamin 
A [Moise et al. 2007, Chambon 1996]. Another important derivative of vitamin A is the visual 
chromophore 11-cis-retinal [Wald 1968].  Binding of 11-cis-retinal to proteins called opsins is 
the chemical basis of vision. Vitamin A formed from retinyl esters or carotinoids in the 
normal diet, or ingested in fortified foods or dietary supplements, is stored in the liver and 
transported to tissues as a complex bound to retinol binding protein [Moise et al.  2007].  
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Fig. 1. Formation of all-trans retinoic acid from vitamin A and structures of 9-cis retinoic 
acid and 11-cis-retinal.  
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Effects of retinoids are mediated primarily by two families of nuclear hormone receptors, 
retinoic acid receptors (RARs) and the retinoid X receptors (RXRs) [Bastein et al.  2004]. Each 
receptor family is made up of three isoforms (α, β and γ), produced by separate genes. RARs 
can be activated by ATRA and the isomer 9-cis retinoic acid (9-cis RA), while RXRs are 
activated by 9-cis RA. RARs form heterodimers with RXRs and these heterodimers and RXR 
homodimers function as transcription factors, activating RAREs in the promoter regions of 
target genes. Most retinol signaling in cells is thought to be mediated by ATRA binding 
RAR in RAR/RXR heterodimers [Mic et al.  2003]. It is still not clear if 9-cis RA is formed 
physiologically in cells and what role this isomer may play as a specific ligand for RXR [Mic 
et al.  2003]. Activated retinoid receptors function as transcription factors, activating specific 
RA response elements (RAREs) for transcriptional regulation of target genes [Bastein et al. 
2004, Mic et al. 2003].  
Peroxisome proliferator-activated receptors (PPARs), α, β/δ, and γ, represent another group 
of nuclear hormone receptors that forms heterodimers with RXR. PPAR/RXR heterodimers 
also function as transcription factors, activating specific response elements of target genes 
[Mangelsdorf and Evans 1995, Bocher et al. 2002, Wilson et al. 2000]. Recent studies have 
indicated that ATRA not only can bind RARs, but can serve as a ligand for PPAR β/δ as 
well [Berry et al. 2007]. Channelling of ATRA to RARs or PPAR β/δ is suggested to depend 
on the intracellular binding proteins, RA binding protein II or keratinocyte fatty acid 
binding protein 5, which deliver ATRA to either RAR or PPAR β/δ, respectively [Schug  et 
al. 2007].   
Vitamin A plays an essential role in numerous biological processes, including vision, 
cellular proliferation, differentiation, and apoptosis, organ development and function, and 
immunity [Moise et al. 2007, Mark et al. 2006, Mark et al. 2009]. Numerous malformations 
and impaired vision, growth, organ function, and reproduction have been noted with 
vitamin A deficiency.  Vitamin A is used in developing countries to help correct vitamin A 
deficiency [Moise et al. 2007]. Supplementation with vitamin A has had an enormous 
worldwide impact, saving countless lives, at minimal costs per patient.  There is also 
widespread use of vitamin A derivatives (retinoids) for treatment of various skin conditions, 
such as acne [Peck et al. 1979], and for different cancers, including acute promyelocytic 
leukemia (APL), Kaposi's sarcoma, head and neck squamous cell carcinoma, ovarian 
carcinoma, and neuroblastoma [Siddikuzzaman et al. 2010].  Use of retinoids has proved 
particularly useful for treatment of APL [Siddikuzzaman et al. 2010]. Pharmacological 
concentrations (10-7 - 10-6M) of ATRA block repression by a PML- RARα fusion protein that 
interferes with normal RARα transcriptional regulation in APL.   
Besides serving as an intermediate in retinoic acid formation, recent studies have shown that 
retinal (retinaldehyde) is present at biologically active concentrations in fat tissue, where it 
antagonizes PPAR-γ activity, inhibits adipogenesis, and improves insulin sensitivity 
[Ziouzenkova et al. 2007].  These observations suggest that retinal may be an additional 
vitamin A derivative that plays an important role as a mediator of biological processes.  
Hypervitaminosis A in experimental animals has been linked to increased bone resorption, 
decreased bone mass, and increased fractures [Frankel et al. 1986, Hough et al. 1988, 
Johansson et al. 2002]. There are also case studies in humans showing that significantly 
increased intake of vitamin A increases bone resorption, causes hypercalcemia, and induces 
skeletal pain [Frame et al. 1974]. Supplementation of the diet with vitamins is a common 
occurrence in developed countries and there is presently debate over whether more modest 

 
Retinoids and Bone   

 

445 

increases in vitamin A might promote skeletal abnormalities. Some studies have shown that 
increased vitamin A intake or elevated serum retinol levels [Michaelsson et al. 2003] are 
associated with an increased incidence of hip fracture or decreased bone mass [Melhaus et 
al. 1998, Feskanich et al. 2002, Promislow et al. 2002]; however, other studies have shown no 
deleterious effect on bone mass or fracture risk, and, in some instances, protection from 
bone loss because of increased vitamin A has been reported [Ribaya-Mercado and Blumberg 
2007, Caire-Juvera et al. 2009]. In studies where vitamin A analogues have been evaluated, 
decreases in bone mass have been reported following isotretinoin and acitretin usage in 
some instances, but a recent, large scale, case-control study has found no increased risk of 
fracture with these agents [Vestergaard et al. 2010]. 

2. Bone tissue 
Skeletal tissue is comprised primarily of either cortical (compact) or trabecular (cancellous) 
bone. In the adult, approximately 80% of skeletal mass is cortical bone and 20% trabecular 
bone. Cortical bone is found in the shafts of long bones and the outer surfaces of all other 
bones in the body. It is organized around blood vessels into cylinders of consolidated bone 
called osteons, or Haversian systems. Unlike trabecular bone, cortical bone does not contain 
bone marrow. Trabecular bone is characterized as a network of thin spicules of bone 
(“spongy bone”), which is found in the interior of vertebrae, flat bones in the skull, the 
pelvis and sacrum, and the distal and proximal parts of long bones. Both cortical and 
trabecular bone are important for bone strength.  In the adult skeleton, both types of bone 
are remodelled and modelled [Martin and Seeman 2008]. Modelling of bone is a process that 
changes the size and shape of bone either by bone resorption without subsequent bone 
formation, or bone formation without prior bone resorption. Remodelling of bone is the 
process by which old bone is replaced by new bone. It is initiated by bone resorption to 
remove damaged bone, followed by new bone formation in the area resorbed. Remodelling 
does not change the size or shape of the bones. Remodelling is more frequent in trabecular 
bone than in cortical bone, one of the reasons why a metabolic bone disease like 
postmenopausal osteoporosis affects primarily bones with proportionally increased 
amounts of trabecular bone, e.g. vertebrae, distal radius, and proximal femur. Remodelling 
is believed to be initiated by microcracks in the mineralized bone extracellular matrix and 
subsequent osteocytic apoptosis, which triggers osteoclast formation and resorption of the 
micro-damaged area [Martin and Seeman 2008]. The process causes release of “coupling 
factors” which attract and activate osteoblasts to form new bone under a canopy of bone 
lining cells [Martin and Sims 2005, Boyce et al. 2009, Martin et al. 2009]. When osteoblasts fill 
the resorption lacunae made by osteoclasts with new bone in the bone multicellular unit 
(BMU), remodelling is in balance and bone mass remains constant. This equilibrium 
involves bidirectional interactions between osteoclasts and osteoblasts to fine tune the 
balance between bone formation and bone resorption. 
The skeleton is a support structure that serves as a reservoir for calcium, phosphate, and 
numerous other minerals, protects vital organs such as brain, heart, lung, and bone marrow, 
and recently has been implicated in glucose- and energy metabolism [Confavreux et al. 
2009]. Three systemic hormones that play primary roles in calcium homeostasis and bone 
formation and resorption are parathyroid hormone (PTH), 1,25(OH)2-vitamin D3, and 
calcitonin.  PTH and 1,25(OH)2-vitamin D3 stimulate bone resorption when serum calcium 
decreases, whereas calcitonin inhibits bone resorption when serum calcium is increased. Sex 
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hormones also play important roles, with increased bone resorption and decreased bone 
formation occurring when levels of either estrogen or testosterone are decreased. Other 
agents known to play significant roles in bone turnover are the thyroid hormones, 
glucocorticoids, follicle stimulating hormone, and the retinoids. Interestingly, there is also a 
great deal of cross talk between bone cells and the immune system. This occurs during both 
normal physiological remodelling and in pathological inflammatory conditions involving 
bone, like rheumatoid arthritis and peridontitis [Takayanagi 2009]. 

3. Osteoclast differentiation 
Osteoclasts are multinucleated giant cells found on bone surfaces that stain for tartrate 
resistant acid phosphatise (TRAP). They are formed by fusion of mononucleated progenitor 
cells derived from hematopoetic myeloid stem cells, which also give rise to macrophages 
and dendritic cells. For fusion of osteoclast precursors to occur, they must be differentiated 
specifically along the osteoclastic lineage [Lorenzo and Horowitz 2008, Edwards and 
Mundy 2011]. Formation of osteoclasts is controlled by osteoblasts at the bone surface. Thus, 
osteoblasts are responsible for not only bone formation, but regulate bone resorption as 
well. In addition to hematopoetic cells, bone marrow also contains pluripotent mesenchymal 
cells which are able to support differentiation of osteoclasts [Askmyr et al. 2009]; however, 
mature osteoclasts do not form within bone marrow, but enter the circulation as 
mononucleated osteoclast progenitors and home to periosteal and endosteal tissues. The 
details of this attraction are not known at present, but stomal cell-derived factor-1 (SDF-1 or 
CXCL12) produced by osteoblasts and CXCR4 expressed by osteoclast progenitors may play 
important roles [Kollet et al. 2006]. To what extent the circulating osteoclast progenitor cells 
are primed in the bone marrow, or to what extent priming occurs in the periosteum and 
endosteum is also not known at present. Nor is it known if osteoclast formation in 
trabecular bone in the close vicinity of bone marrow is different from osteoclast formation in 
periosteal tissues, which are always some distance from bone marrow. Recently, one group 
has presented evidence for the existence of a unique periosteal macrophage – osteomac 
which not only can form osteoclasts, but is also able to control bone formation [Chang et al. 
2008]. Increasing evidence indicates that osteoclast formation does not follow a common 
pathway and that osteoclasts are different in different parts of the skeleton [Everts et al. 
2009, Henriksen et al.  2011].  
Crude bone marrow cultures, or co-cultures of periosteal osteoblasts and purified osteoclast 
progenitors from either bone marrow or spleens, have shown that osteoclast formation 
requires close physical contact of progenitor cells with either stromal cells in the bone marrow 
or osteoblasts. Molecularly, it has been found that macrophage colony-stimulating factor (M-
CSF) and receptor activator of nuclear factor B ligand (RANKL) are two products of stromal 
cells/osteoblasts that play key roles in regulating osteoclast formation. M-CSF supports 
progenitor cell proliferation and survival, and RANKL is responsible for progenitor 
differentiation to osteoclasts, rather than to macrophages or dendritic cells [Takayanagi 2009, 
Lorenzo and Horowitz 2008, Nakashima and Takayanagi 2009]. RANKL, which is a member 
of the TNF superfamily, functions by binding to RANK on osteoclast progenitor cells. 
Osteoprotegerin (OPG), a soluble protein released from stromal cells/osteoblasts, is another 
key factor regulating osteoclastogenesis. OPG functions as a decoy receptor for RANKL, 
blocking interaction between RANKL and RANK. The expression of RANKL is thought to be 
restricted to a relatively small number of cells: bone marrow stromal cells, osteoblasts, 

 
Retinoids and Bone   

 

447 

periodontal ligament cells, synovial fibroblasts, T-, B- and NK-cells, while OPG appears to be 
ubiquitously expressed. It is the relative expression of RANKL and OPG which determines 
whether osteoclast formation will take place. Enhancement of the RANKL/OPG ratio in 
stromal cells or osteoblasts by hormones and cytokines causes stimulation of bone resorption.  
Following RANKL binding to trimeric RANK, association of the cytoplasmic tail of RANK 
with TNF receptor-associated factor 6 (TRAF 6) leads to activation of several kinases, 
including IKK, MAPKs such as p38 and JNK, and PI3K (Fig. 2). Subsequently, transcription 
factors such as NF-B, AP-1, MITF, NFATc1 and Akt are activated. Within the NF-B family 
of transcription factors, p50 and p52 seem to be the most important subunits [Boyce et al. 
2010]. RANK signaling leads to induction and activation of c-fos, which functions as a 
component of the transcription factor, activator protein-1 (AP-1). Mice with double 
knockouts of p50/p52 or with deletion of the c-Fos gene lack osteoclasts and exhibit 
osteopetrosis. The induction of the master transcription factor for osteoclastogenesis, 
NFATc1, is dependent on NF-B and c-fos signaling by RANK [Negishi-Koga and 
Takayanagi 2009]. In cooperation with RANK, immunoglobulin-like receptors associated 
with adaptor proteins harboring the immunoreceptor tyrosine-based activation motif 
(ITAM) activate phospholipase Cγ, calcium signaling, and the formation of calcineurin 
required for activation of NFATc1 [Nemeth et al. 2011]. The activation of specific genes 
necessary for osteoclastogenesis and osteoclast function is regulated by NFATc1 cooperating 
with other transcription factors, such as AP-1, CREB, PU.1, and MITF. Important osteoclast 
genes include those encoding calcitonin receptor and TRAP, which serve as osteoclast 
markers, cathepsin K, which is involved in breakdown of bone matrix collagen, Atp6i and 
chloride chanel-7, involved in acidification and dissolution of bone mineral crystals, and the 
integrins v and 3, which are important for attachments of osteoclasts to bone surfaces. 
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4. Retinoids and bone resorption in vitro 
The effect of vitamin A on bone resorption has been studied the most thoroughly in rodent 
models. It has been known since the 1920´s that excess vitamin A has effects on the skeleton. 
In classical experiments in 1952 employing cultured fetal mouse limb bones, Dame Honor 
Fell showed that hypervitaminosis A stimulated osteoclast formation and bone resorption 
[Fell and Mellanby 1952]. Thirteen years later, Larry Raisz showed that vitamin A could 
stimulate bone resorption in organ cultures of fetal rat long bones [Raisz 1965]. Since those 
early experimental reports, there have been additional studies in organ cultures of fetal rat 
long bones [Scheven and Hamilton 1990], fetal rat calvariae [Delaissé et al. 1988] and 
calvarial bones from both fetal [Delaissé et al. 1988] and newborn [Raisz et al. 1977, Togari et 
al. 1991, Kindmark et al. 95, Conaway et al. 1997] mice confirming the osteoclastogenic effects 
of vitamin A and derivatives. An investigation indicating that ATRA increases mRNA 
expression of RANKL in primary human osteoblast-like cultures and decreases mRNA 
expression and protein formation of OPG in human MG-63 osteosarcoma cells [Jacobson et 
al. 2004] led to the suggestion that bone resorption stimulated by the retinoid is due to an 
increased RANKL/OPG ratio; however, until recently, there had been no data from bone or 
bone culture systems showing how vitamin A or derivatives stimulated bone resorption. In 
a recent investigation, we have reported that stimulation of osteoclastogenesis and bone 
resorption by retinoids in neonatal mouse calvarial bone is due to increased RANKL mRNA 
and protein expression. Supporting evidence for the role of RANKL was the observation 
that exogenous OPG administration blocked retinoid induced calvarial bone resorption 
[Henning et al. 2011].  
Resorption in the bone organ culture systems depends on increased osteoclast formation 
and/or enhanced osteoclast activity. Attempts to elucidate effects of vitamin A on mature 
osteoclasts have generated conflicting results. It has been reported that bone resorbing 
activity of rabbit osteoclasts incubated on dentine slices is enhanced by ATRA [Saneshige et 
al. 1995]. Additionally, the vitamin A derivative isotretinonin has been observed to increase 
activity of rat osteoclasts incubated on cortical bone slices [Lakkakorpi and Väänänen 1991]. 
In contrast, bone resorbing activity of embryonic chicken osteoclasts on either bovine 
cortical bone or sperm whale dentine has been reported to be decreased by ATRA [O´Neill 
et al. 1992]. Furthermore, degradation of bone particles incubated with chicken osteoclasts is 
said to be enhanced by retinol and ATRA [Oreffo et al. 1988], which differs from 
experiments using osteoclast-like cell lines from human giant cell bone tumors, where 
Colucci et al. have found that ATRA inhibits degradation of bone matrix in rat bone particles 
[Colucci et al. 1996].  
Evaluations of the effects of vitamin A on osteoclast formation have also generated 
conflicting data. In human bone marrow cultures, ATRA has been reported to stimulate 
formation of osteoclast-like multinucleated cells that are incapable of resorbing bone 
[Thavarajah et al. 1991]. Formation of multinucleated osteoclasts unable to resorb bone has 
also been reported following ATRA treatment of bone marrow cultures from egg laying 
hens [Chiba et al. 1996]. Scheven and Hamilton [1990] found no effect of ATRA on osteoclast 
formation in rat bone marrow cultures; however, when Hata et al. [1992] stimulated 
osteoclast formation in rat bone marrow cultures with 1,25(OH)2-vitamin D3, they found 
inhibition with ATRA. Using an acyclic retinoid, geranylgeranoic acid, Wang et al. [2002] 
also found that osteoclast formation in mouse bone marrow cultures stimulated by 
1,25(OH)2-vitamin D3 was inhibited. Inhibition by the retinoid was most likely due to 
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inhibition of osteoclast progenitor cells, since inhibition of osteoclast formation by 
geranylgeranoic acid was also observed in mouse bone marrow macrophage (BMM) 
cultures stimulated by RANKL. In agreement with these latter observations, we have 
recently shown that ATRA, as well as 9-cis retinoic acid, inhibit osteoclast formation in 
mouse bone marrow cell cultures stimulated with either 1,25(OH)2-vitamin D3 or PTH 
[Conaway et al. 2009], an effect associated with decreased expression of the osteoclast genes 
Calcr, Acp5, and Catsk, which code for the calcitonin receptor, TRAP, and cathepsin K, 
respectively. ATRA did not affect 1, 25(OH)2-vitamin D3 stimulated mRNA expression of 
Rankl, nor did the retinoid affect the decrease of Opg expression induced by 1,25(OH)2-
vitamin D3, suggesting that the inhibitory effect was at the level of osteoclast progenitors 
rather than stromal cells. Osteoclast formation in both crude bone marrow cultures and 
spleen cell cultures stimulated by RANKL was also inhibited by ATRA and 9-cis retinoic 
acid. Moreover, osteoclast formation stimulated by RANKL in highly purified mouse BMM 
cultures was inhibited by ATRA and 9-cis retinoic acid, providing good evidence that the 
retinoids inhibited osteoclastogenesis by directly affecting osteoclast progenitor cells. 
Inhibition of osteoclast progenitor cell differentiation by ATRA was due to inhibition of AP-1 
and Nfatc1 pathways, but did not involve the NF-B pathway [Conaway et al. 2009]. ATRA 
inhibited mRNA and protein expression of the transcription factors c-Fos and Nfatc1 induced 
by RANKL. RANKL also enhanced the mRNA expression of Fra-1, Fra-2 and JunB in mouse 
BMM, but ATRA inhibited only Fra-2. The decrease of the macrophage transcription factor 
MafB caused by RANKL during osteoclastogenesis was blunted by ATRA, suggesting that 
ATRA arrested precursor cells at the macrophage stage. In agreement with these observations, 
it has been observed that ATRA inhibits Nfatc1 expression, translocation, and DNA-binding in 
RAW264.7 cells and mouse BMM [Balkan et al. 2011]. 
Mouse BMM express RAR and RAR, but little RAR. By use of different agonists and 
antagonists, it was demonstrated that ATRA induced inhibition of RANKL stimulated 
osteoclast formation in BMM was mediated by RAR [Conaway et al. 2009]. As discussed 
above, ATRA can also serve as a ligand for PPAR/. However, ligands specific for this 
receptor did not mimic the inhibitory effect of ATRA. 
Effects of retinoids on osteoclast formation have also been studied using osteoclast 
progenitor cells isolated from peripheral blood.  Woods et al. [1995] found that monocytes 
from chicken peripheral blood spontaneously formed giant cells with osteoclast like features 
and that this process was inhibited by ATRA. Recently, it was shown that ATRA inhibited 
osteoclast formation in RANKL stimulated cultures of human CD14+ monocytes from 
peripheral blood [Hu et al. 2010]. In agreement with observations in RANKL stimulated 
mouse BMM, inhibition of osteoclast formation in human CD14+ cells was associated with 
decreased mRNA expression of osteoclastic genes such as ACP5 and CATSK, and the 
transcription factor NFATc1, indicating that retinoids inhibit osteoclast formation by 
inhibiting osteoclast differentiation rather than fusion of differentiated progenitor cells. The 
authors attributed the inhibition to decreased expression of RANK mRNA and protein; 
however, it remains to be shown if this is the primary event. 

5. Retinoids and bone resorption in vivo 
In short term in vivo studies where rodents were treated with increased concentrations of 
retinoids (ATRA or Ro 13-6298), it has been reported that thinning of cortical bone due to 
significant stimulation of periosteal resorption occurs at the same time that cancellous bone 
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resorption is inhibited [Kneissel et al. 2005]. Furthermore, in a recent one week study where 
rats were fed increased vitamin A, increased cortical osteoclasts and cortical bone thinning 
were also observed; however, in these animals, endosteal osteoclasts disappeared because of 
impaired endosteal/marrow blood flow, which resulted in hypoxia and pathological 
endosteal mineralization [Lind et al. 2011]. This resulted in thinner, more brittle bones with 
little apparent affect on bone mass. Vitamin A and retinoids stimulate resorption in cultured 
fetal mouse and rat limb bones [Fell and Mellanby 1952, Raisz 1965, Scheven et al. 1990], but 
these studies are normally based on calcium release to medium and do not distinguish 
between cortical and cancellous bone breakdown. On the other hand, calvarial bone is 
considered to be a good model for periosteal resorption of cortical bone and it is established 
that vitamin A and ATRA are effective stimulators of osteoclastogenesis and bone 
resorption in calvarial bone [Raisz et al. 1977, Togari et al. 1991, Kindmark et al. 1995, 
Conaway et al. 1997]. As stated previously, retinoids are also good inhibitors of 
osteoclastogenesis in mouse bone marrow cell and BMM cultures. Thus, when comparing 
results of in vitro and in vivo experimental studies attempting to access the effects of 
increased vitamin A, it appears there may be good agreement regarding cortical osteoclast 
formation and function stimulated by vitamin A. In contrast, it seems a continuum of effects 
may occur in the endosteum, with increased vitamin A inhibiting endosteal osteoclast 
formation and function, and impaired blood flow and hypoxia promoting osteoclast death.  

6. Conclusion 
In developed countries, the diet is often supplemented with vitamin A and there is presently 
controversy over whether increased intake of vitamin A might promote skeletal fragility 
[Michaelsson et al. 2003, Melhaus et al. 1998, Feskanich et al. 2002, Promislow et al. 2002, 
Ribaya-Mercado and Blumberg 2007, Caire-Juvera et al. 2009]. If cortical bone thinning and 
suppression of osteoclastogenesis in cancellous bone play prominent roles in fracture 
incidence in humans following increased intake of vitamin A, this would be substantially 
different from conditions such as postmenopausal osteoporosis and glucocorticoid excess, 
where the increased incidence of fracture is due primarily to cancellous bone loss. These 
different paradigms for bone fragility may help explain some of the differing outcomes in 
studies evaluating vitamin A intake and fracture risk. It also seems possible that a duality of 
retinoid action on osteoclast precursors in cortical and cancellous bone might be manifest as 
different degrees of cortical resorption and cancellous inhibition, depending on other 
systemic and environmental factors. This would also affect bone mass and fracture risk, as 
would the development of hypoxia and death of endosteal osteoclasts. Our improving  
understanding of vitamin A action in bone cells is not only promising to be extremely 
valuable for future experimentation, but appears to warrant new evaluations of bone mass 
and fracture risk in patients with increased intake of vitamin A as well. 
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resorption is inhibited [Kneissel et al. 2005]. Furthermore, in a recent one week study where 
rats were fed increased vitamin A, increased cortical osteoclasts and cortical bone thinning 
were also observed; however, in these animals, endosteal osteoclasts disappeared because of 
impaired endosteal/marrow blood flow, which resulted in hypoxia and pathological 
endosteal mineralization [Lind et al. 2011]. This resulted in thinner, more brittle bones with 
little apparent affect on bone mass. Vitamin A and retinoids stimulate resorption in cultured 
fetal mouse and rat limb bones [Fell and Mellanby 1952, Raisz 1965, Scheven et al. 1990], but 
these studies are normally based on calcium release to medium and do not distinguish 
between cortical and cancellous bone breakdown. On the other hand, calvarial bone is 
considered to be a good model for periosteal resorption of cortical bone and it is established 
that vitamin A and ATRA are effective stimulators of osteoclastogenesis and bone 
resorption in calvarial bone [Raisz et al. 1977, Togari et al. 1991, Kindmark et al. 1995, 
Conaway et al. 1997]. As stated previously, retinoids are also good inhibitors of 
osteoclastogenesis in mouse bone marrow cell and BMM cultures. Thus, when comparing 
results of in vitro and in vivo experimental studies attempting to access the effects of 
increased vitamin A, it appears there may be good agreement regarding cortical osteoclast 
formation and function stimulated by vitamin A. In contrast, it seems a continuum of effects 
may occur in the endosteum, with increased vitamin A inhibiting endosteal osteoclast 
formation and function, and impaired blood flow and hypoxia promoting osteoclast death.  

6. Conclusion 
In developed countries, the diet is often supplemented with vitamin A and there is presently 
controversy over whether increased intake of vitamin A might promote skeletal fragility 
[Michaelsson et al. 2003, Melhaus et al. 1998, Feskanich et al. 2002, Promislow et al. 2002, 
Ribaya-Mercado and Blumberg 2007, Caire-Juvera et al. 2009]. If cortical bone thinning and 
suppression of osteoclastogenesis in cancellous bone play prominent roles in fracture 
incidence in humans following increased intake of vitamin A, this would be substantially 
different from conditions such as postmenopausal osteoporosis and glucocorticoid excess, 
where the increased incidence of fracture is due primarily to cancellous bone loss. These 
different paradigms for bone fragility may help explain some of the differing outcomes in 
studies evaluating vitamin A intake and fracture risk. It also seems possible that a duality of 
retinoid action on osteoclast precursors in cortical and cancellous bone might be manifest as 
different degrees of cortical resorption and cancellous inhibition, depending on other 
systemic and environmental factors. This would also affect bone mass and fracture risk, as 
would the development of hypoxia and death of endosteal osteoclasts. Our improving  
understanding of vitamin A action in bone cells is not only promising to be extremely 
valuable for future experimentation, but appears to warrant new evaluations of bone mass 
and fracture risk in patients with increased intake of vitamin A as well. 
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1. Introduction  
An endocrine disruptor (ED) is defined by the US- Environmental Protection Agency as “an 
exogenous agent that interferes with the production, release, transport, metabolism, 
binding, action, or elimination of natural hormones in the body responsible for the 
maintenance of homeostasis, reproduction, development, and/or behavior” (U.S. EPA., 
1997). This definition encompasses a rather heterogeneous group of molecules from 
naturally occurring substances (e.g., phytoestrogens) to biochemically manufactured 
compounds such as plasticizers, pesticides, industrial solvents, pharmaceutical agents 
(diethylstilbestrol) and heavy metals. 
Endocrine disruptors were originally considered to exert their biological action through 
nuclear steroid receptors by mimicking or antagonizing natural hormone’s action (Waring & 
Harris, 2005) with the majority of them acting as pseudoestrogens and less possessing anti-
androgenic or anti-estrogenic properties ( McLachlan et al., 2006 ). Today, basic scientific 
research shows that the mechanisms are much broader than originally recognized and 
include interaction with transcriptional factors, non-nuclear steroid hormone receptors, gene 
regulation or even transgenerational effects by targeting germ cell lines (Anway & Skinner, 
2006, 2008; Tabb & Blumberg, 2006).  
In addition, targets for endocrine disruption extend beyond the traditional 
estrogen/androgen -mediated reproductive system. Within the last few years, scientists also 
have expressed concern about the potential role of EDs in increasing trends in obesity and 
diabetes, the major life-threatening diseases of modern word. At present, all hormone-
sensitive physiological systems seem to be vulnerable to EDs, including brain and 
hypothalamic neuroendocrine systems; pituitary; thyroid; cardiovascular system; mammary 
gland; adipose tissue; pancreas; ovary and uterus in females; and testes and prostate in 
males (Diamanti-Kandarakis et al., 2009). 
Undoubtedly, the issue of endocrine disruption has attracted considerable scientific 
attention with the weight of data obtained from wildlife populations, animal models and 
epidemiological studies growing extensively during the last years. After all, the 
unprecedented increase in the production and use of industrial and agricultural chemicals 
during last decades makes human exposure inevitable through multiple sources. Adults are 
exposed mainly through the ingestion of contaminated drinking water, food and breathing 
polluted air. Infants are exposed to EDs through breast milk, baby products, and polluted 



  
Contemporary Aspects of Endocrinology 

 

454 

Raisz LG, Simmons HA, Gworek SC, Eilon G. (1977) Studies on congenital osteopetrosis in 
microphthalmic mice using organ cultures: impairment of bone resorption in 
response to physiologic stimulators. J Exp Med 145:857-865 

Ribaya-Mercado, J. D. and Blumberg, J. B. (2007) Vitamin A: Is it a risk factor for 
osteoporosis and bone fracture?  Nutr. Rev. 65: 425-438 

Saneshige S, Mano H, Tezuka K, Kakudo S, Mori Y, Honda Y, Itabashi  A, Yamada T, Miyata 
K, Hakeda Y, Ishi J, Kumegawa M. (1995) Retinoic acid directly stimulates 
osteoclastic bone resorption and gene expression of cathepsin K/OC-2. Biochem J 
309:721-724 

Schug, T.T., Berry, D.C., Shaw, N.S., Travis, S.N. and Noy, N. (2007) Opposing effects of 
retinoic acid on cell growth result from alternate activation of two different nuclear 
receptors. Cell 129:723-733 

Siddikuzzaman, Guruvayoorappan, C. and Berlin Grace, V., M. (2010) All trans retinoic acid 
and cancer. Immunopharmacol. and Immunotoxicol. EPUB ahead of print 1-9 

Scheven BAA, Hamilton NJ. (1990) Retinoic acid and 1,25(OH)2-vitamin D3 stimulate 
osteoclast formation by different mechanisms. Bone 11:53-59 

Takayanagi H. (2009) Osteoimmunology and the effects of the immune system on bone. Nat 
Rev Rheumatol 5:667-676 

Thavarajah M, Evans DB, Kanis JA. (1991) 1,25(OH)2D3 induces differentiation of osteoclast-
like cells from human bone marrow cultures. Biochem Biophys Res Commun 
176:1189-1195 

Togari A, Kondo M, Arai M, Matsumoto S. (1991) Effects of retinoic acid on bone formation 
and resorption in cultured mouse calvaria. Gen Pharmacol 22:287-292 

Vestergaard, P., Rejnmark, L. and Mosekilde,L. (2010) High-dose treatment with vitamin A 
analogues and risk of fractures. Arch. Dermatol. 146:478-482. 

Wald, G. (1968) Molecular basis of visual excitation. Science 162, 230-239  
Wang X, Wu J, Shidoji Y, Muto Y, Ohishi N, Yagi K, Ikegami S, Shinki T, Udagawa N, Suda 

T, Ishimi Y. (2002) Effects of geranylgeranoic acid in bone: induction of osteoblast 
differentiation and inhibition of osteoclast formation. J Bone Miner Res 17:91-100 

Wilson, T.M., Brown, P.J., Sternbach, D.D., and Henke, B.R. (2000) The PPARs: from orphan 
receptors to drug discovery. J. Med. Chem. 43:527-550 

Woods C, Domenget C, Solari F, Gandrillon O, Lazarides E, Jurdic P. (1995) Antagonistic 
role of vitaminD3 and retinoic acid on the differentiation of chicken hematopoetic 
macrophages into osteoclast precursor cells. Endocrinology 136:85-95 

Ziouzenkova, O., Orasanu, G., Sharlach, M., Adiyama T. E., Berger, J.P., Viereck, J., 
Hamilton, J. A., Tang, G., Dolnikowski, G. G., Vogel, S., Duester, G. and Plutzky, J. 
(2007) Retinaldehyde represses adipogenesis and diet-induced obesity. Nature Med. 
13: 695-702 

21 

Environmental Endocrinology:  
Endocrine Disruptors and Endocrinopathies 

Eleni Palioura, Eleni Kandaraki and Evanthia Diamanti-Kandarakis 
Medical School University of Athens, 

Greece 

1. Introduction  
An endocrine disruptor (ED) is defined by the US- Environmental Protection Agency as “an 
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have expressed concern about the potential role of EDs in increasing trends in obesity and 
diabetes, the major life-threatening diseases of modern word. At present, all hormone-
sensitive physiological systems seem to be vulnerable to EDs, including brain and 
hypothalamic neuroendocrine systems; pituitary; thyroid; cardiovascular system; mammary 
gland; adipose tissue; pancreas; ovary and uterus in females; and testes and prostate in 
males (Diamanti-Kandarakis et al., 2009). 
Undoubtedly, the issue of endocrine disruption has attracted considerable scientific 
attention with the weight of data obtained from wildlife populations, animal models and 
epidemiological studies growing extensively during the last years. After all, the 
unprecedented increase in the production and use of industrial and agricultural chemicals 
during last decades makes human exposure inevitable through multiple sources. Adults are 
exposed mainly through the ingestion of contaminated drinking water, food and breathing 
polluted air. Infants are exposed to EDs through breast milk, baby products, and polluted 
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air while fetuses are exposed through the placenta and are more vulnerable to harmful, 
irreversible, pathological changes in adult life. People occupationally exposed to pesticides, 
fungicides and industrial chemicals are considered to be at highest risk for developing an 
endocrine abnormality as well as humans acutely exposed to an accidental release of an 
endocrine disrupting chemical. 
This chapter reviews the evidence linking endocrine disrupting chemicals to a broad 
spectrum of clinical perturbations from reproduction and thyroid to metabolic regulation.A 
summarized review of literature focused on the strongest experimental data and human 
epidemiological studies targets to elucidate the underlying interactions between endocrine 
disruptors and endocrine abnormalities. 

2. Reproductive function and endocrine disruptors  
Reproductive health is traditionally considered as one of the well-studied fields in endocrine 
disruption. The effects of EDs on reproduction are amply documented in both wildlife and 
laboratory populations while interfering with human reproductive function is highly 
plausible. Establishing causality between human reproductive health and exposure to a 
certain environmental contaminant is challenging as several confounders need to be taken 
into account. 
A critical concern is the potential lag between exposure to EDs and the manifestation of a 
reproductive disorder as in humans this period may be years or decades after initial 
exposure. The timing of exposure is key to human disease as the developmental periods 
from periconception and during pregnancy, infancy, childhood, and puberty are considered 
as critical and sensitive windows of susceptibility to environmental insults .Furthermore, 
chronic exposure to low amounts of mixtures of EDs than acute exposure to a single 
compound, as in many animal models, is the most possible scenario when studying human 
reproduction. In addition, as in other systems in the organism, EDs effects on human 
reproduction could be varied by individual differences in metabolism, body composition 
and susceptibility due to genetic polymorphisms (Diamanti-Kandarakis et al., 2009). 
In the human female, the first evidence of endocrine disruption was provided almost four 
decades ago by diethylstilbestrol (DES), a synthetic oestrogen prescribed therapeutically in a 
large scale in the mid-20th century in order to prevent miscarriage in pregnant women. The 
observation of an uncommon gynecologic neoplasm, vaginal adenocarcinoma, in daughters 
born 15–22 yr earlier to women treated with this potent synthetic estrogen during 
pregnancy was the first clinical evidence of DES disruption on reproductive system (Herbst 
et al., 1971). Posterior studies have identified additional adverse effects in female off springs 
including increased risk for structural reproductive tract anomalies with a characteristic T-
shaped uterus, infertility, menstrual irregularity and poor pregnancy outcomes manifested 
as spontaneous abortion, ectopic pregnancy, and preterm delivery (Kaufman et al., 1982, 
2000; Palmer et al., 2001). Furthermore, DES grand-daughters born to mothers prenatally 
exposed to diethylstilbestrol exhibit irregular menstrual cycles and possible infertility 
(Titus-Ernstoff et al., 2006) .These robust clinical observations together with experimental 
data support the causal role of DES in female reproductive disorders. 
Increasing data from wildlife and laboratory studies support a role of EDs in the 
pathogenesis of several other female reproductive disorders during a broad developmental 
spectrum from puberty onset to menopause (Diamanti-Kandarakis et al., 2010; McLachlan et 
al., 2006; Woodruff et al., 2008). The catalogue of reproductive aberrations possible related to 
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ED exposure is extending to include early/delayed puberty, polycystic ovarian syndrome 
(PCOS), impaired fertility and fecundity, premature ovarian failure, endometriosis, uterine 
fibroids, aneuploidy, pregnancy complications as well as breast and endometrial tumors 
(Caserta et al., 2008; Diamanti-Kandarakis et al., 2009). 
To give few examples, earlier menarche onset has been observed in girls exposed to 
polychlorinated biphenyls(PCBs), polybrominated biphenyls (PBBs), phthalate esters and 
DDT while there are other data that link phthalates to premature thelarche and increased 
risk of endometriosis (Woodruff et al., 2008). With regard to human puberty, scientific 
interest is focused on the potential effect of environmental factors on puberty timing. This is 
based on the observation that since the 19th century there have been significant 
modifications in puberty timing with earlier age of thelarche and menarche in girls (Euling 
et al., 2008a).This puberty timing alteration has been associated, apart from apparent 
improvements in general health and nutrition, with a potential impact of endocrine-
disrupting chemicals, particularly the estrogen mimics and antiandrogens (Euling et al., 
2008b, Jacobson-Dickman & Lee, 2009). 
Adult female reproductive functions are also disrupted by environmental chemicals with 
the strongest evidence incriminating heavy metals and especially lead exposure. Most 
modifiable risk appears to be associated with exposures in unique populations 
(contaminated fish consumers) or occupational groups (farmworkers) (Mendola et al., 2008). 
Furthermore, recent evidence imply a potential role of Bisphenol A (BPA) in the PCOS 
pathophysiology given that in women with PCOS, BPA levels were found to be higher 
compared to BMI-matched healthy women and also to be positively and strongly associated 
with androgen levels (Kandaraki et al., 2010). Serum BPA concentrations are significantly 
higher in men than in women (Takeuchi et al., 2002) and in women with ovulatory 
dysfunction compared to regularly ovulating women (Takeuchi et al., 2004). As PCOS 
pathogenesis remains partly unraveled, the role of environmental factors and in particular 
BPA could also been proposed in PCOS development. 
With regard to male reproductive system, research has been mainly focused on three major 
health endpoints; impaired semen quality and infertility, urogenital tract abnormalities- 
cryptorchidism and hypospadias- and testicular germ cell cancer. This is probably related to 
the epidemiologic evidence that suggest a decline in human semen quality over the last 50 
years (Carlsen et al., 1992) and temporal increasing trends in the prevalence of urogenital 
tract malformations such as cryptorchidism and hypospadias (Toppari et al., 2001). 
Interestingly, it is hypothesized that the above-mentioned abnormalities share a common 
embryogenic origin as parts of a pathogenic entity coined as “testicular dysgenesis 
syndrome” (TDS). This hypothesis proposes that a prenatal, synergistic, interaction between 
environmental, genetic and maternal factors lead to abnormal testis development 
(dysgenesis)( Skakkebæk et al., 2001) and secondarily to impaired androgen production and 
germ cell development due to Sertoli and Leydig cells’ dysfunction (Sharpe & Skakkebæk, 
2003). The existence of TDS as a distinct clinical entity and of possible associations with EDs 
is an area of active research. 
Some substances that have been incriminated to have an aggravating impact on sperm 
parameters include polychlorinated biphenyls (Dallinga et al., 2002; Hauser et al., 2003), 
phthalates (Duty et al., 2003; Hauser et al., 2006) and non-persistent pesticides (Juhler et al., 
1999; Padungtod et al., 2000).Epidemiologic evidence for EDC exposure and cryptorchidism 
or hypospadias are limited. Concerning ED exposure and cryptorchidism and/or 
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hypospadias, the strongest epidemiological data are those suggesting an association 
between residency in agricultural areas and/or measures of direct parental exposure to non-
organochlorine pesticides (Diamanti-Kandarakis et al., 2009).  
Overall, the epidemiologic data on the environmental EDs suggest that there may be 
associations between exposure and adverse health outcomes in men. However, the limited 
human data highlight the need for further research on these chemicals. Future longitudinal 
epidemiology studies with appropriately designed exposure assessments are needed to 
determine potential causal relationships, to identify the most important time windows of 
exposure, and to define individual susceptibility factors for adverse effects on men's health 
in response to exposure. 

3. Thyroid and endocrine disruptors  
Thyroid hormones have been evolutionarily preserved as important regulators of 
development, tissue growth and metabolism among all vertebrates and in some invertebrate 
species (Heyland and Moroz, 2005). Given their importance for normal physiological 
processes, considerable concern has aroused regarding the clinical impact of environmental 
factors on thyroid function to the extent that human could be affected. This interaction is 
biologically plausible as a variety of heterogeneous synthetic chemicals has been recognized 
to interfere with thyroid homeostasis by acting on different points of regulation of thyroid 
hormone synthesis, release, transport through the blood, metabolism and clearance 
(Howdeshell, 2002) or directly at the receptor level (Zoeller, 2007). 
Polychlorinated biphenyls (PCBs), Polybrominated diphenyl ethers (PBDEs), Bisphenol-A, 
dioxin, Perchlorate and furans have been incriminated as potential disruptors of thyroid 
homeostasis through their ability to affect the hypothalamic- pituitary- thyroid axis (Boas et 
al., 2006; Zoeller, 2010). Correlations between levels of these compounds in the body and 
circulating thyroid hormone levels, thyrotropin levels, thyroid volume and prevalence of 
thyroid antibodies have been reported by several researchers, however, inconsistency exists 
across studies (Hagmar et al., 2001; Langer et al., 2008; Meeker et al., 2007). 
Literature on thyroid disrupting chemicals includes human epidemiological studies that 
indicate a potential association between exposure to endocrine disruptors and disturbance 
of thyroid function (Persky et al., 2001; Steinmaus et al., 2007; Τakser et al., 2005) with most 
data pointing towards subtle alterations of the thyroid axis within normal ranges which 
may, in turn, be harmful especially for human fetus ( Boas et al., 2006). Fetus’ growth and 
brain development are very sensitive to modifications of thyroid homeostasis with a 
significant risk of neurological and cognitive deficiencies.  
Overall, the literature on thyroid-disrupting effects of individual chemicals is rapidly 
increasing, as animal exposure studies and in vitro tests reveal a multitude of potential 
mechanisms of action. Quick and robust tools should be developed to identify potential 
thyroid disrupting chemicals and their multiple mechanisms of action. Furthermore, a better 
understanding of the mechanisms underlying disruption of the thyroid function may lead to 
changes in public policy in order to limit adverse outcomes for future generations. 

4. Obesity epidemic and endocrine disruptors  
A potential role of environmental contaminants on the escalating rates of human obesity has 
been hypothesized as an exogenous factor that may impair body's natural weight-control 
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mechanisms (Baillie-Hamilton, 2002). As the current epidemic in obesity cannot be solely 
explained by alterations in food intake, physical activity and/or genetic predispotion, the 
contribution of environmental factors becomes suspicious. 
Research on this field has been mainly focused on the identification of environmental 
“obesogens”, molecules that inappropriately regulate lipid metabolism and adipogenesis 
and also on the molecular mechanisms underlying these metabolic alterations (Grün et al., 
2006; Tabb & Blumberg, 2006). After all, recent epidemiology studies indicate that exposure 
to EDs during development is associated with overweight and obesity later in life. In a 
cross-sectional analysis of six urinal phthalates metabolites in a total sample of 4369 
participants, positive correlations were observed between body mass index (BMI) and waist 
circumference and most of the metabolites in adult males (Hatch et al., 2008). High serum 
Polychlorinated Bisphenyls levels have been associated with high levels of total serum lipids 
and BMI in a Native American cohort (Goncharov et al., 2008) and prenatal and early life 
PCB exposures were associated with increased weight in boys and girls at puberty (Gladen 
et al., 2000). 
So far, several experimental data have pointed to the effect of endocrine disrupting 
chemicals on lipid metabolism suggesting that adipocyte per se may represent a cell 
vulnerable to disruption. A characteristic example of such interaction is provided by the 
organotin tributyltin (TBT) that has been shown to modulate adipocyte differentiation by 
acting as an agonist for retinoid X receptor (RXR) and peroxisome proliferators-activated 
receptor γ (PPAR γ), the nuclear receptors that play important roles in lipid homeostasis and 
adipogenesis (Grün & Blumberg, 2006; Kanayama et al., 2005). Therefore, as it is speculated 
by Tabb & Blumberg, chronic life-time or developmental exposure to TBT could activate 
RXR and/or RXR:PPAR-γ signalling leading to long-term alterations of the total adipocyte 
number and/or a lipid haemostasis (Tabb & Blumberg, 2006). 
Another chemical showed to display “obesogenic” properties in vivo is diethylstilbestrol. 
Female mice neonatally exposed to both low and high doses of this estrogenic compound 
exhibited increased body weight in adulthood. The low dose did not affect body weight 
during treatment but was associated with a significant increase in body weight in the adult 
animal by 4 to 6 months of age while the highest dose resulted in a significant decrease in 
mice weight during treatment followed by a “catch-up” before puberty and consecutively 
elevated body weight during adulthood (Newbold et al., 2008). Further studies indicated 
that the increase in body weight in DES-exposed mice was associated with an increase in the 
percent of body fat as determined by mouse densitometry (Newbold et al., 2007). 
Bisphenol A is also postulated to play a role in the development of obesity by interacting 
with lipid homeostasis and body weight control mechanisms through pleiotropic modes of 
action. Micromolar concentrations of BPA were shown to enhance adipocyte differentiation 
and lipid accumulation in target cells in a dose-dependent manner (Masuno et al., 2002, 
2005; Wada et al., 2007). From a molecular perspective, these effects are liked with up-
regulation of gene expressions involved in lipid metabolism and adipogenic transcription 
factors (Phrakonkham et al., 2008; Wada et al., 2007). In vivo studies confirm the above 
observations. Perinatal exposure to low doses of BPA increases adipose storage in rodents in 
adult life (Rubin et al, 2001; Somm et al, 2009). A similar effect is observed when exposure 
takes place during gestation (Nikaido et al., 2004). 
Many other environmental chemicals are suspected to be candidate obesogens including 
pesticides; for example, organochlorines such as DDT, endrin, lindane, and 
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mechanisms (Baillie-Hamilton, 2002). As the current epidemic in obesity cannot be solely 
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mice weight during treatment followed by a “catch-up” before puberty and consecutively 
elevated body weight during adulthood (Newbold et al., 2008). Further studies indicated 
that the increase in body weight in DES-exposed mice was associated with an increase in the 
percent of body fat as determined by mouse densitometry (Newbold et al., 2007). 
Bisphenol A is also postulated to play a role in the development of obesity by interacting 
with lipid homeostasis and body weight control mechanisms through pleiotropic modes of 
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and lipid accumulation in target cells in a dose-dependent manner (Masuno et al., 2002, 
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regulation of gene expressions involved in lipid metabolism and adipogenic transcription 
factors (Phrakonkham et al., 2008; Wada et al., 2007). In vivo studies confirm the above 
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Many other environmental chemicals are suspected to be candidate obesogens including 
pesticides; for example, organochlorines such as DDT, endrin, lindane, and 
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hexachlorobenzene; organophosphates; carbamates; polychlorinated biphenyls; other plastic 
components such as phthalates; perfluoroctanoic acid (PFOA); heavy metals such as 
cadmium, lead, and arsenic; and solvents (Newbold, 2010). Although the epidemiological 
link between specific obesogen exposure and obesity is highly suggestive, causality and 
overall significance currently remain ambiguous. New detailed longitudinal studies are 
merited as a high-priority investigative goal to establish the magnitude of the contributing 
risk by individual obesogens. 

5. Metabolic disorders and endocrine disruptors  
The issue of potential ED interference with metabolic imbalances is very timely especially 
in light of a recent cross-sectional study in the general adult population of the United 
States that reported an association between higher urinary BPA concentrations with 
diabetes, cardiovascular diagnoses and clinically abnormal concentrations of the liver 
enzymes γ-glutamyltransferase (Lang et al., 2008). An analysis of the posterior data from 
the US National Health and Nutrition Survey (NHANES) conducted by Melzer et al. 
confirmed the association between urinary BPA levels with coronary heart disease 
(Melzer et al., 2010). 
These adverse effects of BPA on humans’ metabolism appear to be confirmative of 
previously reported actions in animal models. Indeed, a series of studies by Alonso-
Magdalena et al. have illustrated the potency of this estrogenic compound to directly affect 
pancreatic cells’ function and to favor metabolic disorders (Alonso-Magdalena et al., 2005, 
2006, 2010). Low doses of BPA acutely induced a change in glycemic balance characterized 
by a decrease in glycose levels that correlated with a rise of plasma insulin in adult male 
mice (Alonso-Magdalena et al., 2006). Furthermore, long term administration of BPA in β- 
cells from these rodents resulted to an increase in the insulin content and insulin secretion of 
the islets of Langerhans while BPA-treated mice appeared to be insulin resistant (Alonso-
Magdalena et al., 2006). Pancreatic a-cells have also been implied as potential targets for 
endocrine disruption given that low doses of Bisphenol A were shown to impair the 
molecular signaling that leads to secretion of glycagon by suppressing intracellular calcium 
ion oscillations in α-cells in response to low blood glucose levels (Alonso-Magdalena et al., 
2005).  
Interestingly, gestational exposure to BPA has been recently linked to impaired glucose 
tolerance and reduced insulin sensitivity in adult mice’ life when compared with non-
exposed male offspring. Pregnant mothers were also affected as indicated by the aggravated 
insulin resistance during pregnancy and post-partum in this population in comparison to 
non-treated mothers (Alonso-Magdalena et al., 2010). As demonstrated in these rodent 
studies, BPA may contribute to metabolic disorders relevant to glucose homeostasis and, 
therefore, this altered blood glucose homeostasis may subsequently enhance the 
development of type 2 diabetes. Interestingly, human studies have also implied BPA to 
favor metabolic syndrome development through an inhibitory effect on adiponectin release 
from adipose depots of patients with morbidity obesity undergoing gastric bypass surgery 
(Hugo et al., 2008). 
Other compounds that have been correlated with alterations in blood glucose homeostasis 
in humans are dioxins (Bertazzi et al., 2001; Henriksen et al., 1997) and arsenic (Lai et al., 
1994; Meliker et al., 2007).  
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In conclusion, accumulating data are pointing to the potential role of endocrine disrupting 
chemicals either directly or indirectly in the pathogenesis of adipogenesis and diabetes ,the 
major epidemics of modern world. 

6. Conclusion  
Αccumulative evidence from experimental and human studies imply that exposure to 
endocrine disruptors may have significant impact to all hormone-sensitive endocrine 
systems. The catalogue of endocrinopathies possible related to EDs is expanding to 
include a broad spectrum of disorders from reproductive function to metabolic regulation 
(see Table 1). 
Human exposure to EDs is well-documented to occur through multiple sources, however, 
several parameters considerably complicate the assessment of EDs’ interaction with human 
health. For instance, it is important to keep in mind that humans are continuously exposed 
to a multitude of pollutants which can act together, and lead to effects that are different 
from those of the individual pollutants that are usually studied in the laboratory. 
Furthermore, 
the multiplicity of targets and the fact that many targets can be disrupted at the same 
time within an organism make difficult to truly evaluate the affect of an endocrine 
disrupting chemical to many endocrine systems. In addition, humans are not usually 
exposed to a single compound but to a mixture of EDs and as these chemicals may 
interact additively or antagonistically, the final clinical outcome may be variable. After 
all, human disorders are more likely the additive result of chronic exposure to low 
amounts of mixtures of EDs. 
Another important parameter is timing of exposure as the biological effects of a compound 
vary depending not only on the nature of the chemical and dose, but on the susceptibility of 
the individual to this. The timing of exposure appears as a determining factor in the 
developmental programming hypothesis, which proposes that exposure of the developing 
tissues/organs to an adverse stimulus or insult during critical or sensitive times of 
development can permanently reprogram normal physiological responses leading to 
hormonal disorders later in life (Gluckman et al., 2005). In other words, when estimating the 
effect of a compound on human health the time of exposure may determine the clinical 
outcome. Importantly, the consequences of an exposure may not be apparent at the actual 
time of exposure, but may manifest later in life. Indeed, the potential lag between exposure 
to EDs and the manifestation of an endocrine disorder in humans may be years or decades 
after initial exposure. 
Although direct causal links between exposures to EDs and disease states in humans are 
difficult to draw, results from basic research and epidemiological studies make it clear 
that more screening for exposures and targeting at-risk groups is a high priority. 
Innovative technologies designed to improve the assessment of human exposure and 
reproductive and endocrine health endpoints should be applied. Furthermore, scientific 
community should adopt a united approach with collaboration between different 
professional groups and government policy to prompt precautionary actions against 
excess exposure. After all, endocrine disruption is on the agenda of many experts’ groups, 
steering committees and panels of governmental organizations, industry, and academia 
throughout the world. 
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Endocrine systems Endocrine Disorders Possibly Related To 
Endocrine Disruptors’ Exposure 

Male reproductive system  

Testicular Dysgenesis Syndrome  
Altered semen quality  
Hypospadias/ cryptorchidism  
Testicular cancer  
Prostate cancer  

Female reproductive system 

Precocious/delayed puberty Impaired 
fertility/fecundity Reproductive tract 
anomalies Endometriosis  
Menstrual and Ovarian dysfunction  
Pregnancy complication (Preterm 
delivery/Pregnancy lost )  
Premature menopause  
Impaired mammary gland differentiation /  
Breast cancer  

Thyroid Altered thyroid hormones  

Adipose tissue 
Promote adipogenesis  
Altered body weight  
Disturbed adipokine secretion  

Pancreas 
Diabetes mellitus  
Disturbed insulin secretion  
Disturbed glycagon secretion  

Table 1. Endocrine system as a target for disruption: The potential impact of endocrine 
disruptors on endocrine system based on experimental and human data. 
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