
Hot Topics in Endocrine and 
Endocrine-Related Diseases

Edited by Monica Fedele

Edited by Monica Fedele

This book covers a selected number of hot topics in endocrine and hormone-related 
pathologies, discussed by eminent scientists and clinicians coming from different 
countries of the world. It deals with advanced recent trends in the field, including 

neuroendocrine and pituitary tumors, thyroid dysfunctions, diabetes and a series of 
endocrine-related diseases, such as those related to the anabolic effects of testosterone, 
obesity, cancer, the liver complications of diabetes and the pediatric nonalcoholic fatty 
liver disease. The readers should be able to have a basic, as well as critic and advanced, 

overview of these selected hot pathologies of the endocrine system.

Photo by Dr_Microbe / iStock

ISBN 978-953-51-1080-4

H
ot Topics in Endocrine and Endocrine-Related D

iseases



HOT TOPICS IN
ENDOCRINE AND

ENDOCRINE-RELATED
DISEASES

Edited by Monica Fedele



HOT TOPICS IN
ENDOCRINE AND

ENDOCRINE-RELATED
DISEASES

Edited by Monica Fedele



Hot Topics in Endocrine and Endocrine-Related Diseases
http://dx.doi.org/10.5772/46124
Edited by Monica Fedele

Contributors

Carmen Sanz, Veronica Hurtado, Isabel Roncero, Enrique Blazquez, Elvira Alvarez, Imre Zoltan Kun, Zsuzsanna Szanto, 
Jozsef Balazs, Anisie Nasalean, Camelia Gliga, Cristina Carnovale, Paola Ingaramo, Daniel Francés, M. Teresa Ronco, 
Ebe D’Adamo, Benjamin U. Nwosu, Vania Maria Correa Da Costa, Antongiulio Faggiano, Manuel Estrada, Carla 
Basualto-Alarcón, Enrique Jaimovich, Rodrigo Maass, Marie-Lise Jaffrain-Rea, Emrah Yerlikaya, Fulya Akin

© The Editor(s) and the Author(s) 2013
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2013 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Hot Topics in Endocrine and Endocrine-Related Diseases
Edited by Monica Fedele

p. cm.

ISBN 978-953-51-1080-4

eBook (PDF) ISBN 978-953-51-7138-6



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

4,200+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

125M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Dr. Monica Fedele is lead researcher at the Institute 
of Experimental Endocrinology and Oncology of the 
National Research Council in Italy. She graduated in 
Biological Sciences at the University of Naples, receiving 
her PhD in Cellular and Molecular Biology and Pathol-
ogy, and residency in Clinical Pathology, at the Medical 
School of the same University. Dr. Fedele trained in mo-

lecular oncology and was a postdoctoral investigator in USA, focusing on 
the development of transgenic and knockout mice for the HMGA genes. 
Her main scientific achievements are the isolation and characterization of 
the cancer-related gene PATZ, the demonstration of the oncogenic activity 
of the chromatin proteins HMGA1 and HMGA2, and the discovery of their 
critical role in the development of pituitary adenomas.



Contents

Preface VII

Chapter 1 Hereditary Neuroendocrine Tumor Syndromes   1
Antongiulio Faggiano, Valeria Ramundo, Luisa Circelli and
Annamaria Colao

Chapter 2 New Insights in the Pathogenesis of Pituitary Tumours   27
Marie-Lise Jaffrain-Rea, Sandra Rotondi and Edoardo Alesse

Chapter 3 Aging and Subclinical Thyroid Dysfunction   85
Corrêa V. M. da Costa and D. Rosenthal

Chapter 4 Detection of Iodine Deficiency Disorders  (Goiter and
Hypothyroidism) in School-Children  Living in Endemic
Mountainous Regions, After  the Implementation of Universal
Salt Iodization   101
Imre Zoltán Kun, Zsuzsanna Szántó, József Balázs, Anisie Năsălean
and Camelia Gliga

Chapter 5 Diabetes and Its Hepatic Complication   129
Paola I. Ingaramo, Daniel E. Francés, María T. Ronco and Cristina E.
Carnovale

Chapter 6 Double Diabetes: The Search for a Treatment Paradigm in
Children and Adolescents   145
Benjamin U. Nwosu

Chapter 7 Glucagon-Like Peptide-1 and Its Implications in Obesity   165
Veronica Hurtado, Isabel Roncero, Enrique Blazquez, Elvira Alvarez
and Carmen Sanz



Contents

Preface XI

Chapter 1 Hereditary Neuroendocrine Tumor Syndromes   1
Antongiulio Faggiano, Valeria Ramundo, Luisa Circelli and
Annamaria Colao

Chapter 2 New Insights in the Pathogenesis of Pituitary Tumours   27
Marie-Lise Jaffrain-Rea, Sandra Rotondi and Edoardo Alesse

Chapter 3 Aging and Subclinical Thyroid Dysfunction   85
Corrêa V. M. da Costa and D. Rosenthal

Chapter 4 Detection of Iodine Deficiency Disorders  (Goiter and
Hypothyroidism) in School-Children  Living in Endemic
Mountainous Regions, After  the Implementation of Universal
Salt Iodization   101
Imre Zoltán Kun, Zsuzsanna Szántó, József Balázs, Anisie Năsălean
and Camelia Gliga

Chapter 5 Diabetes and Its Hepatic Complication   129
Paola I. Ingaramo, Daniel E. Francés, María T. Ronco and Cristina E.
Carnovale

Chapter 6 Double Diabetes: The Search for a Treatment Paradigm in
Children and Adolescents   145
Benjamin U. Nwosu

Chapter 7 Glucagon-Like Peptide-1 and Its Implications in Obesity   165
Veronica Hurtado, Isabel Roncero, Enrique Blazquez, Elvira Alvarez
and Carmen Sanz



Chapter 8 The Insulin-Like Growth  Factor System in the Human
Pathology   197
Emrah Yerlikaya and Fulya Akin

Chapter 9 Pediatric Nonalcoholic Fatty Liver Disease   221
Ebe D’Adamo, M. Loredana Marcovecchio, Tommaso de Giorgis,
Valentina Chiavaroli, Cosimo Giannini, Francesco Chiarelli and
Angelika Mohn

Chapter 10 Anabolic/Androgenic Steroids in Skeletal Muscle and
Cardiovascular Diseases   237
Carla Basualto-Alarcón, Rodrigo Maass, Enrique Jaimovich and
Manuel Estrada

X Contents

Preface

The endocrine system plays a vital role in whether or not you develop a wide range of dis‐
eases, not only including strictly endocrine-diseases.

This book includes selected contemporary topics representing exciting recent developments
in the field of endocrine and endocrine-related diseases. It is the result of a collaboration
among eminent scientists and clinicians coming from eight different countries, including Ar‐
gentina, Brazil, Chile, Italy, Romania, Spain, Turkey and United States.

Basic and advanced recent trends and research studies in a number of endocrine and endo‐
crine-related disorders are covered by the different chapters of the book. We will read about
hereditary neuroendocrine tumors, with emphasis on their still poorly defined natural histo‐
ry and clinical course; pituitary tumors, with a comprehensive overview of the recent ad‐
vances in their pathogenesis; thyroid dysfunctions, including those related to aging and
iodine deficiency; diabetes, with its hepatic complications, and double diabetes, a new defi‐
nition that summarizes the coexistence of features of both type 1 and type 2 diabetes in the
same individual, with a comprehensive discussion of the various aspects of this disorder
and a focus on the search for a treatment paradigm in children and adolescents. Moreover,
we will read about the testosterone as a new player in metabolic disorders and as a potential
drug to counteract skeletal muscle diseases; the glucagon-like peptide type 1 and its multi‐
ple actions for which it can be considered an anti-diabetogenic agent and may have impor‐
tant implications in pathophysiological states such as obesity; the-insulin-like-growth-factor
role in different human pathologies, including cancer; and the pediatric nonalcoholic fatty
liver disease.

I hope that, at the end, the reader will have a critic and advanced overview of selected hot
pathologies related to the endocrine field.

Dr. Monica Fedele
Institute of Experimental Endocrinology and Oncology,

National Research Council,
Naples, Italy
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Chapter 1

Hereditary Neuroendocrine Tumor Syndromes

Antongiulio Faggiano, Valeria Ramundo,
Luisa Circelli and Annamaria Colao

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53841

1. Introduction

Neuroendocrine tumours (NETs) are rare and heterogeneous neoplasms with variable bio‐
logical behaviour. The estimated incidence of NETs is about 1-5 cases/100,000/year. The
most recent data show a progressive increase of the incidence in the last years and a high
increase of their prevalence and survival [1]. NETs can be sporadic or can arise in complex
hereditary endocrine disorders such as Multiple Endocrine Neoplasias (MENs), Familial
Paragangliomatosis (FPGLs), Neurofibromatosis type 1 (NF1), von Hippel-Lindau Disease
(VHL), Tuberous Sclerosis (TSC) [1]. It has been estimated that hereditary NETs occurrence
varies with site of origin of the tumour, ranging 5 to 30% of cases [1]. Due to the recent ad‐
vances in the knowledge of biology and genetics of NETs, these rates seems to be an under‐
estimation and novel mutations of well known oncogenes or tumour suppressor genes as
well as new genes and molecular pathways responsible for unknown syndromes are expect‐
ed to be characterized.

Patients with hereditary NET syndromes inherit the susceptibility to develop multiple endo‐
crine neoplasias which can be associated with non-endocrine tumours and/or non-tumour
lesions. They are characterized by germline mutations usually inherited as an autosomal
dominant disease according to the Knudson’s “two-hits hypothesis” [2].

Compared to the sporadic forms, hereditary NETs generally present an earlier age at onset,
multiple tumour localizations, higher secretory activity. Diagnosis is made around sixth dec‐
ade of life in sporadic NETs while it is anticipated of about three decades in hereditary tu‐
mours [3]. The identification of hereditary NET syndromes is relevant to achieve a
precocious diagnosis and this may be important to prevent severe complications and unfav‐
ourable outcome. For this reason, the genetic screening is nowadays a well established pro‐
cedure in many tumor types allowing to reclassify as carrier of specific hereditary NET

© 2013 Faggiano et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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syndromes, a number of patients with an apparently sporadic tumours [4]. Some studies, fo‐
cusing in particular on MEN type 1, highlighted that the genetic screening impacts on the
management and clinical outcome of NETs, because it allows to detect tumours at an early
stage or even before their development [5-7].

In spite of these recent advances, at now, clinical pictures of most of the hereditary NET syn‐
dromes are incomplete or not updated. In addition, follow-ups of these patients are not
standardized. Furthermore, although in the last years it has been possible to identify a lot of
genes and molecular pathways responsible for the development of hereditary NETs, many
other molecular pathways responsible for apparently sporadic NETs or influencing the phe‐
notype of well known hereditary NETs remain to be detected and characterized.

In summary, the genetic origin influences the natural history of NETs, however, natural his‐
tory and clinical course of hereditary NETs is not well defined for most of the actually
known hereditary NET syndromes and other syndromes remained to be discovered.

In this chapter two hereditary endocrine syndromes (Multiple Endocrine Neoplasias and
Familial Paragangliomatosis) will be discussed.

2. Epidemiology and clinical characteristics

2.1. Multiple Endocrine Neoplasias

Multiple Endocrine Neoplasias (MENs) are rare hereditary autosomal dominant syndromes
with complete penetrance and variable expressivity, characterized by the onset of various
endocrine and non endocrine tumors with different localization. We distinguish the MEN
type 1 (MEN1) and MEN type 2 (MEN2) that are two distinct syndromes.

2.1.1. MEN1

MEN1 or Wermer’s Syndrome (OMIM #131100) is characterized by high penetrance (more
than 95% of carriers develop disease within 50 years of age), variable inter- and intra-fami‐
lial expressivity and genetic anticipation [3, 8]. It has been estimated that the prevalence of
MEN1 is 2-3:100,000 individuals, with the same distribution between males and females [9].
MEN1 is characterized by the occurrence of tumors of the parathyroid glands, the anterior
pituitary, the pancreatic islets and the adrenal glands, as well NETs in the foregut (thymic,
bronchial and gastric carcinoids). Other non-endocrine tumors can associate in the skin (an‐
giofibromas, lipomas, collagenomas) and in the central nervous system (ependimoma, men‐
ingioma) (Table 1). According to the MEN Consensus published in 2001, the clinical
diagnosis of this syndrome is based on the concomitant occurrence of at least two of the
three MEN1-related endocrine tumors (parathyroid adenoma, pituitary adenoma, duodeno-
pancreatic-NET). Familial MEN1 is defined as at least one MEN1-related NET plus at least
one first-degree relative with at least one of the three classical tumors or a known germline
MEN1 mutation [10].

Hot Topics in Endocrine and Endocrine-Related Diseases2

Endocrine tumors %

Parathyroid glands 75-95

Pancreatic islets 55

Gastrinomas 45

Insulinomas 10

Non-functioning 10

Other (VIPomas, etc.) 2

Pituitary 47

PRLomas 30

Non-functioning 10

ACTHomas 1

GH-omas 3-6

Adrenal cortical 20

Foregut 18

Thymus 8

Lungs 8

Stomach 5

Non-endocrine tumors

Skin 80

Angiofibromas 75

Collagenomas 5

Lipomas 30

Leiomyomas 5

CNS (meningiomas) 25

ACTH: adrenocorticotrophic hormone; CNS: central nervous sys‐
tem; GH: growth hormone; PRL: prolactin; VIP: vasoactive intesti‐
nal peptide.

Table 1. Endocrine and non-endocrine tumors associated to Multiple Endocrine Neoplasia type 1

Hereditary Neuroendocrine Tumor Syndromes
http://dx.doi.org/10.5772/53841
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Typically, NETs associated to MEN1 rise up two decades before the sporadic ones. They
are  generally  benign;  however,  both  duodeno-pancreatic  NETs  and  carcinoids  can  be
malignant.

Hyperparathyroidism, caused by parathyroid adenoma/hyperplasia, is often the first mani‐
festation of MEN1. About 75-95% of MEN1 patients develop parathyroid adenomas [10].
Usually parathyroid adenomas are multiple and benign. The main clinical manifestations of
primary hyperparathyroidism and the resulting hypercalcemia are represented by renal dis‐
eases (dehydration, hypercalciuria, nephrolithiasis and, in advanced cases, kidney failure),
bone changes (early osteopenia/osteoporosis), neurological manifestations (drowsiness, de‐
pression, confusion), gastrointestinal disturbances (anorexia, constipation, nausea, vomit‐
ing) and cardiovascular alterations (hypertension, short QT-trait).

Laboratory investigation to detect primary hyperparathyroidism consist of measurement of
(ionized) calcium, phosphate and parathyroid hormone in blood and the 24-hour calcium
excretion in the urine. Bone densitometry can be used to detect bone mass reduction. Para‐
thyroid adenomas can be localized by neck ultrasonography (US) and Tc-99m sestamibi
scintigraphy (useful to detect also ectopic parathyroid glands).

Pancreatic endocrine tumors develop in about 55% of MEN1 patients [11]. Pancreatic tumor
in the context of MEN1 is, generally, multicentric with considerable variability in size (mi‐
cro-and macro-tumors) and clinical behavior (lesion localized, invasive or metastatic). Multi‐
centric microadenomas are present in 90% of MEN1 patients [12]. It is common to detect
functioning NETs associated with non-functioning NETs. The main locations of occurrence
are represented by the pancreas in toto and the duodenal submucosa. In order of frequency,
the duodeno-pancreatic NETs associated with the syndrome of gastrin hypersecretion are
the most frequent and are responsible for the Zollinger-Ellison syndrome. Functioning syn‐
dromes and related symptoms are shown in Table 2.

Hormonal syndromes often occur late and may indicate metastases in 50% of MEN1 pa‐
tients [13].

Laboratory investigation to detect duodeno-pancreatic NETs includes specific markers (such
as gastrin, insulin, glucose, glucagon) and the aspecific marker cromogranin-A. Duodeno-
pancreatic NETs can be detected by US and echo-endoscopy, magnetic resonance imaging
(MRI), computed tomography (CT) and functional imaging techniques such as somatostain
receptor scintigraphy.

Pituitary adenomas are found in about 50% of MEN1 patients and evidence of MEN1 is
found in approximately 2.7% of patients with pituitary adenomas [10]. Pituitary tumors in
MEN1, compared to sporadic tumors, are larger in size and more aggressive. Since child‐
hood MEN1 subjects need to be evaluated for pituitary tumors [14].

The diagnosis of functioning pituitary adenoma is confirmed by determining a specific hor‐
mone excess on blood or urinary samples. Pituitary adenomas can be detect visually by MRI
with gadolinium contrast.

Hot Topics in Endocrine and Endocrine-Related Diseases4

Syndrome Symptoms

Zollinger-Ellison syndrome

(gastrin hypersecretion)

Pain or burning sensation in the abdomen

Nausea

Vomiting

Diarrhea

Fatigue

Weakness

Weight loss

Insulinoma syndrome Anxiety

Behavior changes

Clouded vision

Confusion

Convulsions

Dizziness

Headache

Hunger

Loss of consciousness

Rapid heart rate

Sweating

Tremor

Weight gain

Verner-Morrison syndrome

(VIP hypersecretion)

Abdominal pain and cramping

Diarrhea (watery, and often in large amounts)

Flushing or redness of the face

Nausea

Weight loss

Somatostatinoma syndrome Mild diabetes mellitus

Steatorrhoea

Gall stones

Glucagonoma syndrome Anemia

Diarrhea

Weight loss

Necrolytic migratory erythema

Diabetes mellitus

Table 2. Functioning syndromes and related symptoms associated to Multiple Endocrine Neoplasia type 1

2.1.2. MEN2

MEN2 or Sipple’s Syndrome (OMIM #171400) is an autosomal dominant disease resulting
from germline mutations of the RET proto-oncogene, with an estimated prevalence of
1:30,000 subjects [10]. It is divided in three clinical variants: a) MEN2A (medullary thyroid
cancer, pheochromocytoma, primary hyperparathyroidism and cutaneous lichen amyloido‐
sis or Hirschsprung disease); b) familial medullary thyroid cancer (FMTC); c) MEN2B (me‐
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Syndrome Symptoms

Zollinger-Ellison syndrome

(gastrin hypersecretion)

Pain or burning sensation in the abdomen

Nausea

Vomiting

Diarrhea

Fatigue

Weakness

Weight loss

Insulinoma syndrome Anxiety

Behavior changes

Clouded vision

Confusion

Convulsions

Dizziness

Headache

Hunger

Loss of consciousness

Rapid heart rate

Sweating

Tremor

Weight gain

Verner-Morrison syndrome

(VIP hypersecretion)

Abdominal pain and cramping

Diarrhea (watery, and often in large amounts)

Flushing or redness of the face

Nausea

Weight loss

Somatostatinoma syndrome Mild diabetes mellitus

Steatorrhoea

Gall stones

Glucagonoma syndrome Anemia

Diarrhea

Weight loss

Necrolytic migratory erythema

Diabetes mellitus

Table 2. Functioning syndromes and related symptoms associated to Multiple Endocrine Neoplasia type 1

2.1.2. MEN2

MEN2 or Sipple’s Syndrome (OMIM #171400) is an autosomal dominant disease resulting
from germline mutations of the RET proto-oncogene, with an estimated prevalence of
1:30,000 subjects [10]. It is divided in three clinical variants: a) MEN2A (medullary thyroid
cancer, pheochromocytoma, primary hyperparathyroidism and cutaneous lichen amyloido‐
sis or Hirschsprung disease); b) familial medullary thyroid cancer (FMTC); c) MEN2B (me‐
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dullary thyroid cancer, pheochromocytoma, mucosal and intestinal ganglioneuromatosis,
marfanoid habitus) [10, 15, 16]. Although these variants have medullary thyroid cancer as a
common denominator, they differ for the aggressiveness of this cancer, in a decreasing order
MEN2B>MEN2A>FMTC [15]. In patients with FMTC, medullary thyroid cancer (MTC) is
the only clinical manifestation. According to the “International RET Mutation Consostium”,
to make the diagnosis of FMTC is required the onset of medullary thyroid cancer (MTC) in
at least four family members [17]. About 56% of cases belong to the subtype 2A, while the
subtype 2B is the most aggressive with an elevated morbidity and mortality [15, 16, 18].

Plasma free metanephrines have the highest sensitivity and specificity for detecting pheo‐
chromocytoma. However, measurement of 24-hour urine catecholamines and metanephr‐
ines, and serum catecholamines are also frequently used [19, 20]. Imaging techniques
include abdomen CT-scan and/or MRI. Functional imaging techniques include somatostatin
receptor scintigraphy and metaiodobenzylguanidine (MIBG) scintigraphy.

2.2. Familial paragangliomatosis

Familial Paragangliomatosis (FPGLs) are hereditary syndromes of susceptibility to multiple
neuroectodermal tumors characterized by high vascularisation and slow growth that arise
from the medullar of adrenal glands (pheochromocytomas, PCCs) or from extra-adrenal
ganglia (paragangliomas, PGLs).

PCCs and PGLs occur as sporadic tumors and in 10-50% of cases the tumors were associated
with hereditary syndromes, mainly MEN2, von Hippel–Lindau disease (VHL), and neurofi‐
bromatosis type 1 (NF1) [21]. A small fraction is associated with other syndromes, including
Carney triad, Carney–Stratakis syndrome, and, very rarely, MEN1.

There are four subtypes of FPGLs. PGLs can found in all three types of FPGL while phaeo‐
chromocytomas are very rare in the FPGL3 [22].

Hereditary PCCs/PGLs, in comparison to sporadic ones, arise more prematurely, can be bi‐
lateral or multifocal and can more frequently relapse.

About 10% of the PCCs/PGLs is malignant. FPGL4 is characterized by an increase chance of
malignant paragangliomas; in this disorder, then, renal cell cancers and thyroid cancers can
be found [22].

Pheochromocytomas and sympathetic paragangliomas result in hypersecretion of catechola‐
mines, which can cause headache, palpitations, hypertension, tachycardia and excessive per‐
spiration, as well as many other nonspecific symptoms. Although most pheochromocytomas
and paragangliomas are benign, they can cause major morbidity and death due to uncon‐
trolled hypertension precipitated by stressful events such as anesthesia and pregnancy. Par‐
asympathetic paraganglioma are typically located within the head and neck and usually do
not secrete excess catecholamines. They generally do not present symptomatically unless
there is a mass effect causing a visible or palpable mass.

Laboratory tests include plasma free metanephrines, 24-hour urine catecholamines and met‐
anephrines.
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Imaging  techniques  include  neck,  skull  base  and  abdomen/pelvis  CT-scan  and/or  MRI.
Functional imaging techniques include somatostatin rceptor scintigraphy and MIBG scin‐
tigraphy.

3. Genetic pathways and pathophysiology of mutations

The genetic origin influences the natural history of NETs. This is particularly evident in
MEN1 where the diagnosis is made around the sixth decade of life in sporadic tumors while
it is anticipated of about three decades in hereditary tumors [3, 10]. The identification of he‐
reditary NET syndromes is relevant to achieve a precocious diagnosis of the tumors and this
may be important to prevent severe complications and unfavourable outcome. In the last
years, it has been possible to identify a number of genes and molecular pathways involved
in the development of NETs. Of consequence, some patients with apparently sporadic tu‐
mor have been reclassified as carriers of hereditary NET with relevant implications on the
clinical course of disease and quality of life.

3.1. Multiple Endocrine Neoplasias

3.1.1. MEN1

MEN1 is an autosomal dominant syndrome resulting from an inactivating germline muta‐
tion of the MEN1 gene located on chromosome 11q13 [23].

Up to 80% of MEN1-associated tumors exhibit loss of heterozigosity (LOH) of 11q13, indi‐
cating that MEN1 functions as a tumor suppressor gene.

Approximately 21% of sporadic pancreatic neuroendocrine tumors (PNETs) harbour muta‐
tions in MEN1, but there is substantial variation across different tumor subtypes. Whereas
only 8% of insulinomas and non-functioning PNETs have identifiable MEN1 mutations,
they are more frequent in gastrinomas [37%), VIPomas (44%) and glucagonomas (67%)
[24-31].In contrast to the relatively low frequency of MEN1 mutations in sporadic PNETs,
up to 68% display LOH at chromosome 11q13 [32].

This raises the possibility there may be other, yet to be identified, tumor suppressor genes
on the long arm of chromosome 11. Similarly, LOH of chromosome 11 is present in up to
78% of gastrointestinal carcinoids, but the frequency of MEN1 mutations is much lower.
Gortz et al. reported MEN1 mutations in 2/11 (18%) gastrointestinal carcinoids and 2/11
[18%) lung carcinoids [26] and Debelenko et al identified MEN1 mutations in 4/11 (36%)
lung carcinoids [33]. The MEN1 gene product, menin, is a nuclear protein that binds to
many transcription factors, including the AP1 component JunD. Upon binding to JunD, me‐
nin represses JunD-mediated transcription to inhibit cellular proliferation. Inactivating mu‐
tations of MEN1 disrupt the binding to JunD to enhance transcription and augment cellular
proliferation [34, 35]. More recently, menin was also identified in a complex with the MLL
histone methyltransferase that associates with regulatory elements in the promoters of the
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with hereditary syndromes, mainly MEN2, von Hippel–Lindau disease (VHL), and neurofi‐
bromatosis type 1 (NF1) [21]. A small fraction is associated with other syndromes, including
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There are four subtypes of FPGLs. PGLs can found in all three types of FPGL while phaeo‐
chromocytomas are very rare in the FPGL3 [22].

Hereditary PCCs/PGLs, in comparison to sporadic ones, arise more prematurely, can be bi‐
lateral or multifocal and can more frequently relapse.

About 10% of the PCCs/PGLs is malignant. FPGL4 is characterized by an increase chance of
malignant paragangliomas; in this disorder, then, renal cell cancers and thyroid cancers can
be found [22].

Pheochromocytomas and sympathetic paragangliomas result in hypersecretion of catechola‐
mines, which can cause headache, palpitations, hypertension, tachycardia and excessive per‐
spiration, as well as many other nonspecific symptoms. Although most pheochromocytomas
and paragangliomas are benign, they can cause major morbidity and death due to uncon‐
trolled hypertension precipitated by stressful events such as anesthesia and pregnancy. Par‐
asympathetic paraganglioma are typically located within the head and neck and usually do
not secrete excess catecholamines. They generally do not present symptomatically unless
there is a mass effect causing a visible or palpable mass.

Laboratory tests include plasma free metanephrines, 24-hour urine catecholamines and met‐
anephrines.
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in the development of NETs. Of consequence, some patients with apparently sporadic tu‐
mor have been reclassified as carriers of hereditary NET with relevant implications on the
clinical course of disease and quality of life.
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MEN1 is an autosomal dominant syndrome resulting from an inactivating germline muta‐
tion of the MEN1 gene located on chromosome 11q13 [23].

Up to 80% of MEN1-associated tumors exhibit loss of heterozigosity (LOH) of 11q13, indi‐
cating that MEN1 functions as a tumor suppressor gene.

Approximately 21% of sporadic pancreatic neuroendocrine tumors (PNETs) harbour muta‐
tions in MEN1, but there is substantial variation across different tumor subtypes. Whereas
only 8% of insulinomas and non-functioning PNETs have identifiable MEN1 mutations,
they are more frequent in gastrinomas [37%), VIPomas (44%) and glucagonomas (67%)
[24-31].In contrast to the relatively low frequency of MEN1 mutations in sporadic PNETs,
up to 68% display LOH at chromosome 11q13 [32].

This raises the possibility there may be other, yet to be identified, tumor suppressor genes
on the long arm of chromosome 11. Similarly, LOH of chromosome 11 is present in up to
78% of gastrointestinal carcinoids, but the frequency of MEN1 mutations is much lower.
Gortz et al. reported MEN1 mutations in 2/11 (18%) gastrointestinal carcinoids and 2/11
[18%) lung carcinoids [26] and Debelenko et al identified MEN1 mutations in 4/11 (36%)
lung carcinoids [33]. The MEN1 gene product, menin, is a nuclear protein that binds to
many transcription factors, including the AP1 component JunD. Upon binding to JunD, me‐
nin represses JunD-mediated transcription to inhibit cellular proliferation. Inactivating mu‐
tations of MEN1 disrupt the binding to JunD to enhance transcription and augment cellular
proliferation [34, 35]. More recently, menin was also identified in a complex with the MLL
histone methyltransferase that associates with regulatory elements in the promoters of the
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cell cycle inhibitors p27KIP1 and p18Ink4c to methylate histone H3 and enhance gene tran‐
scription [36]. In mouse models, the absence of Men1 results in down-regulation of p27KIP1
and p18Ink4c and a phenotype resembling the MEN1 syndrome, including islet-cell hyper‐
plasia [37, 38].

Of note, a similar phenotype was also observed in p27KIP1/p18Ink4c double-mutant mice
suggesting that deregulation of the cell cycle may be the critical consequence of MEN1 mu‐
tations and a necessary feature of NET pathogenesis in general [39]. Recently, the telomerase
(hTERT) gene was identified as a menin target gene. The end of chromosome in a cell, short‐
en after DNA replication. Eventually, after several cell divisions, the DNA loses its stability
and the cell is subjected to apoptosis. Telomerase is an enzyme that maintains the length of
the telomeres and is not expressed in normal cells, but it is active in stem cells and tumor
cells. Menin is a suppressor of the expression of the telomerase gene. Possibly, inactivation
of menin could lead to cell immortalization by telomerase expression, which could allow a
cell to develop into a tumor cell [40].

In approximately 10-15% of patients with a clinical diagnosis of MEN1 is not possible to
identify a known mutation, due to the presence of regulatory sequences inactivated. In such
cases the genetic analysis of first-degree relatives of patients with apparently negative fami‐
ly history can be helpful in identifying possible new mutations [41].

3.1.2. MEN2

MEN2 is dominantly inherited, and its genetic cause, mutations of the REarranged during
Transfection (RET) protooncogene, was first recognized nearly 20 years ago [10, 42-44].

Since then, the range of mutations identified, their potential for predicting clinical course,
and the underlying functional effects have been explored. Detection of RET mutations in
MEN2 represents a paradigm for genetically guided patient management, and genotype–
phenotype correlations in this disease now inform recommended interventions, patient and
family screening, and long-term follow-up [10, 45].

The RET proto-oncogene encodes a receptor tyrosine kinase that is required for the develop‐
ment of neural-crest derived cells, the urogenital system, and the central and peripheral
nervous systems, notably the enteric nervous system [46, 47].

The RET protein has a large extracellular domain containing a cysteine-rich region and a ser‐
ies of cadherin homology domains, a transmembrane domain, and an intracellular tyrosine
kinase domain, required for RET phosphorylation and downstream signalling [48, 49].

The RET kinase is structurally similar to other tyrosine kinases, sharing many conserved
functional motifs and regulatory residues that have been shown to have importance for kin‐
ase enzyme function [50]. RET is activated by binding of a multi-protein ligand complex.
RET binds a soluble ligand of the glial cell-line-derived neurotrophic factor (GDNF) family
but also requires a co-receptor of the GDNF family receptors a (GFRa), which is tethered to
the cell membrane via glycosylphosphatidylinositol linkage [51, 52]. Initially, GDNF binds
to GFRa, and these complexes are then able to recruit RET to form heterohexamers that are
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concentrated in regions of the cell membrane called lipid rafts These are membrane domains
enriched in glycosylphosphatidylinositol-linked proteins and signaling molecules that pro‐
vide a platform not only for enhanced cell signaling, but also for regulation of receptor kin‐
ase activity and down-regulation [53].

Activation of RET leads to stimulation of multiple downstream pathways, including mito‐
gen-activated protein kinase and extracellular signal-regulated kinase, phosphoinositide 3-
kinase and protein kinase B, signal transducer and activator of transcription 3, proto-
oncogene tyrosine-protein kinase Src1, and focal adhesion kinase that promote cell growth,
proliferation, survival, and/or differentiation [54, 55].

MEN2 is associated with point mutations of RET, predictably leading to its activation in the
absence of ligands and co-receptors. Mutations are primarily amino acid substitutions affect‐
ing a very small number of RET codons in either the extracellular domain or within the kin‐
ase domain.

Mutations are dominant, requiring only a single mutant allele to confer the disease pheno‐
type. MEN2 RET mutation occurrence [56-59] are available online (http://
www.arup.utah.edu/database/MEN2/MEN2_welcome.php). Together, these data suggest
strong overall themes as to functional effects of these mutations, but also as to their clinical
significance.

Together, these data suggest strong overall themes as to functional effects of these muta‐
tions, but also as to their clinical significance. Strong associations of disease subtype, and al‐
so specific disease phenotypes, with individual RET mutations have made it possible to
stratify risk of MEN2 by genotype [10, 45].

The management guidelines of the American Thyroid Association base the recommenda‐
tions for initial diagnosis, therapeutic intervention, and long-term follow-up on patient gen‐
otype and the current understanding of the natural history of the disease associated with
each RET mutation. Mutations of cysteine residues (primarily cysteines 609, 611, 618, 620,
630, and 634] in the RET extracellular domain account for the majority of MEN2A cases, and
are also common in patients with FMTC. Intracellular kinase domain mutations are mainly
associated with FMTC and MEN2B. Mutations in the intracellular codons 768, 790, 791, 804,
and 891 underlie FMTC, and occur less commonly in patients with MEN2A [60] while spe‐
cific mutations of codon 918 (M918T) or 883 (A883F) account for the vast majority of MEN2B
cases, and are exclusive to the subtype [61].

In addition to association with disease subtype, significant correlations of specific mutations
with disease features are reported. For example, RET codon 634 mutations carry a greater
patient risk for pheochromocytoma and parathyroid hyperplasia [62-64] and are associated
with a higher frequency of detection of MTC at the time of early thyroidectomy [65].

Variation in clinical presentation has even been observed with different codon 634 substitu‐
tions. The specific substitution of an arginine at codon 634 (C634R) is strongly associated
with increased risk of parathyroid hyperplasia increased frequency of distant metastases,
earlier onset of both lymph node and distant metastases, and bilaterality of pheochromocy‐
toma [66, 67].
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but also requires a co-receptor of the GDNF family receptors a (GFRa), which is tethered to
the cell membrane via glycosylphosphatidylinositol linkage [51, 52]. Initially, GDNF binds
to GFRa, and these complexes are then able to recruit RET to form heterohexamers that are

Hot Topics in Endocrine and Endocrine-Related Diseases8

concentrated in regions of the cell membrane called lipid rafts These are membrane domains
enriched in glycosylphosphatidylinositol-linked proteins and signaling molecules that pro‐
vide a platform not only for enhanced cell signaling, but also for regulation of receptor kin‐
ase activity and down-regulation [53].

Activation of RET leads to stimulation of multiple downstream pathways, including mito‐
gen-activated protein kinase and extracellular signal-regulated kinase, phosphoinositide 3-
kinase and protein kinase B, signal transducer and activator of transcription 3, proto-
oncogene tyrosine-protein kinase Src1, and focal adhesion kinase that promote cell growth,
proliferation, survival, and/or differentiation [54, 55].

MEN2 is associated with point mutations of RET, predictably leading to its activation in the
absence of ligands and co-receptors. Mutations are primarily amino acid substitutions affect‐
ing a very small number of RET codons in either the extracellular domain or within the kin‐
ase domain.

Mutations are dominant, requiring only a single mutant allele to confer the disease pheno‐
type. MEN2 RET mutation occurrence [56-59] are available online (http://
www.arup.utah.edu/database/MEN2/MEN2_welcome.php). Together, these data suggest
strong overall themes as to functional effects of these mutations, but also as to their clinical
significance.

Together, these data suggest strong overall themes as to functional effects of these muta‐
tions, but also as to their clinical significance. Strong associations of disease subtype, and al‐
so specific disease phenotypes, with individual RET mutations have made it possible to
stratify risk of MEN2 by genotype [10, 45].

The management guidelines of the American Thyroid Association base the recommenda‐
tions for initial diagnosis, therapeutic intervention, and long-term follow-up on patient gen‐
otype and the current understanding of the natural history of the disease associated with
each RET mutation. Mutations of cysteine residues (primarily cysteines 609, 611, 618, 620,
630, and 634] in the RET extracellular domain account for the majority of MEN2A cases, and
are also common in patients with FMTC. Intracellular kinase domain mutations are mainly
associated with FMTC and MEN2B. Mutations in the intracellular codons 768, 790, 791, 804,
and 891 underlie FMTC, and occur less commonly in patients with MEN2A [60] while spe‐
cific mutations of codon 918 (M918T) or 883 (A883F) account for the vast majority of MEN2B
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3.2. Hereditary pheochromocytoma/paraganglioma syndromes

During the last decade, mutations in the genes encoding different subunits of the succi‐
nate  dehydrogenase  (SDH)  complex  have  been  linked  to  familial  PCC/PGL  syndrome,
and subsequent genetic screenings have revealed that about 30% of PCCs and PGLs are
caused by  hereditary  mutations  [68,  69].  In  addition,  several  novel  susceptibility  genes,
such  as  kinesin  family  member  1B  (KIF1Bb)  [70],  EGL  nine  homolog  1,  also  termed
PHD2 (EGLN1/PHD2) [71],  transmembrane protein 127 (TMEM127) [72],  and MYC-asso‐
ciated factor X (MAX) [73], have recently been added to the list. The predisposing genes
that  have been identified seem at  a  first  glance to have entirely different  functions but,
in  spite  of  this,  malfunction  of  their  different  gene  products  can  give  rise  to  clinically
and histologically undistinguishable tumors.  Nevertheless,  some clinical features may be
quite different,  e.g.  patients with SDHB mutations have considerably higher risk of  ma‐
lignancy than many other PCC/PGL patients [74].

The feature of RET gene and MEN2 syndrome were previously described, we want to re‐
member that activating RET mutations predispose to PCCs, which are often recurrent and
bilateral, but typically have a low risk of malignancy.

Familial paragangliomatosis are associated to known germline mutations of the genes en‐
coding subunits of succinate dehydrogenase (SDH).

SDH  is  a  mitochondrial  enzyme  complex  consisting  of  four  subunits:  SDHA,  SDHB,
SDHC, and SDHD, which are all encoded by the nuclear genome [75]. The enzyme, also
known  as  mitochondrial  complex  II,  is  involved  both  in  the  tricarboxylic  acid  cycle,
where it catalyzes the oxidation of succinate to fumarate, and in the respiratory electron
transfer chain, where it transfers electrons to coenzyme Q. The gene SDHA is located on
chromosome 5p15.33  and consists  of  15  exons.  It  encodes  a  protein  that  functions  as  a
part  of  the  catalytic  core  and contains  the  binding site  for  succinate.  The  other  part  of
the catalytic domain, which also forms an interface with the membrane anchor, is encod‐
ed by SDHB, a gene of eight exons located on chromosome 1p36.13.  SDHC on chromo‐
some  1q23.3  and  SDHD  on  chromosome  11q23.1  contain  six  and  four  exons,
respectively, and encode two hydrophobic proteins that anchor the complex to the mito‐
chondrial inner membrane. The link between SDH and neuroendocrine tumors was first
established in the year 2000, when germline mutations in SDHD were discovered in pa‐
tients  withfamilial  PGLs  [76].  SDHD mutations  were  subsequently  found also  in  appa‐
rently sporadic PCCs [77]  and PGLs [78]  as  well  as  in familial  PCCs [79].  Shortly after,
germline  mutations  were  also  identified  in  SDHB in  both  PCCs  and  PGLs  [80].  SDHC
mutations  were  reported  in  PGLs  in  2000  [81]  and  were  also  recently  found  in  PCCs
[82].  During  several  years,  homozygous  and  compound  heterozygous  mutations  in  the
gene encoding the fourth subunit, SDHA, were associated with a rare early-onset.

Germline mutations in the SDHx genes give rise to familial PCC–PGL syndrome, sometimes
only referred to as familial PGL. The syndrome can be divided into PGL1, PGL2, PGL3, and
PGL4, which are caused by mutations in SDHD, SDHAF2, SDHC, and SDHB respectively.
They are all inherited in an autosomal dominant manner but with varying penetrance.
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SDHD is putatively maternally imprinted and PGL1 is thus only passed on to children by
their father [83], although one exception of maternal transmission has been reported [84]. To
date, PGL2 has also only been diagnosed in individuals with an affected father, suggesting a
similar parent-of-origin-specific inheritance for SDHAF2 [85]. No specific PCC/PGL syn‐
drome has yet been described for SDHA mutations, but they seem to have a low penetrance
of PCC/PGL and do not seem to be associated with a familial presentation [86, 87]. The prev‐
alence of PCC/PGL syndrome is unknown, but a summary of the cases reviewed here (about
13% of all PCC/PGL cases) gives an estimate of 1:50 000 to 1:20 000, the majority represented
by PGL1 and PGL4. Apart from PCCs and PGLs, SDHB mutations have been associated
with renal cell carcinoma [88]. One SDHD mutation carrier with a renal cell tumor has also
been described, as well as a few cases of SDHB and SDHD patients with thyroid carcinoma
[88, 89]. In addition, mutations in SDHB, SDHC, and SDHD can give rise to the Carney–Stra‐
takis syndrome, characterized by the dyad of PGLs and gastrointestinal stromal tumors.
Very recently, SDHA mutations were also reported in two patients with gastrointestinal
stromal tumors but without PGLs [90].

SDHD mutations  (PGL1)  predispose  most  frequently  to  parasympathetic,  often  multifo‐
cal  PGLs,  but  also  to  sympathetic  PGLs  and  PCCs.  Several  national  and  multinational
studies have gathered information about tumor characteristics in patients with PCC/PGL
syndrome [69, 88-92].

4. New susceptibility genes in hereditary PCC/PGLs

4.1. Transmembrane protein 127(TMEM127)

TMEM127 is a gene of four exons located on 2q11.2, a locus identified as a PCC susceptibili‐
ty locus in 2005 [93]. The transmembrane protein was recently revealed to function as a tu‐
mor suppressor, and germline mutations in TMEM127 were detected in PCCs [72]. Qin et al.
also demonstrated that TMEM127 is a negative regulator of mechanistic target of rapamycin,
formerly mammalian target of rapamycin (mTOR), thus linking a critical signalling pathway
for cell proliferation and cell death to the initiation and development of PCC. Both missense
and nonsense mutations in TMEM127 have been reported. LOH of the gene was detected in
tumors of all tested mutation carriers, suggesting a classical two-hit model of inactivation.

So far,  no specific syndrome has been described for TMEM127. Other tumors,  including
MTC,  breast  cancer,  and  myelodysplasia,  have  been  identified  in  carriers  of  TMEM127
mutations,  but  a  causal  relationship  between  the  tumors  and the  mutations  remains  to
be  established  [94].  A  clear  family  history  in  only  a  fourth  of  the  patients  suggests  an
incomplete  penetrance,  and in  a  single  family,  the  penetrance  of  PCC was  64% by  the
age of 55 years [95].

Among 990 patients with PCC or PGL, negative for RET, VHL, and SDHB/C/D mutations,
TMEM127 mutations were identified in 20 (2.0%) of the cases, all of which had PCC [95].
Another study revealed one additional PCC patient with a TMEM127 mutation [96]. No
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3.2. Hereditary pheochromocytoma/paraganglioma syndromes
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TMEM127 mutations were detected in 129 sympathetic and 60 parasympathetic PGLs [93],
but in a recent study, germline missense variants were detected in two out of 48 patients
with multiple PGLs [97], one of which also displayed bilateral PCC. Summarizing the 23 re‐
ported patients, all but one (96%) had PCC and 39% had bilateral PCC.Two (9%) had PGL,
of which one had sympathetic and the other multiple parasympathetic PGLs. The mean age
at presentation was 43 years, and one patient (4%) displayed a malignant tumor.

4.2. MYC-associated factor X (MAX)

MAX is a gene of five exons, located on chromosome 14q23.3. It encodes a transcription fac‐
tor, MAX, that belongs to the basic helix–loop–helix leucine zipper (bHLHZip) family and
plays an important role in regulation of cell proliferation, differentiation, and death as a part
of the MYC/MAX/MXD1 network [98]. Members of the MYC family are proto-oncoproteins
and their expression correlates with growth and proliferation, whereas expression of MXD1
(also known as MAD) is associated with differentiation. Heterodimerization of MAX with
MYC family members results in sequence-specific DNA-binding complexes that act as tran‐
scriptional activators. In contrast, heterodimers of MAX with MXD1 family member repress
transcription of the same target genes by binding to the same consensus sequence and thus
antagonize MYC–MAX function. Interestingly, PC12 cells, derived from a rat PCC, express
only a mutant form of MAX incapable of dimerization, and a reintroduction of normal MAX
in these cells resulted in a repressed transcription and inhibited growth [99]. This suggests
that some tumors can grow in the absence of MYC–MAX dimers and may imply that MAX
can function as a tumor suppressor. A tumor suppressor role of MAX was most recently
confirmed when germline MAX mutations were discovered in PCC patients by next-genera‐
tion exome sequencing [73]. The mutations were missense, nonsense, splice site, or altering
the start codon, and immunohistochemical analysis confirmed the lack of full-length MAX
in the tumors. LOH of 14q, caused either by uniparental disomy or by chromosomal loss,
was seen in investigated tumors in agreement with classical tumor suppressor behaviour.

MAX mutations segregate with the disease in families with PCC [73], but no specific syn‐
drome has been described yet. A paternal origin of the mutated allele in investigated cases,
together with the absence of PCC in persons who inherited a mutated allele from their
mother, may suggest a paternal transmission of disease similar to that of PGL1 (SDHD) and
PGL2 (SDHAF2). MAX-associated PCCs and PGLs. Comino-Mendez et al. [73] reported 12
PCC patients with MAX mutations, of which three were discovered with exome sequencing
and four were relatives of those. The remaining five were found in a subsequent screening
of 59 PCC patients lacking mutations in other known susceptibility genes but suspected to
have hereditary disease (due to bilateral tumors, early age of onset, and/or familial antece‐
dents with the disease). Of the 12 patients, eight (67%) had bilateral PCC and the mean age
at presentation was 32 years. Notably, 25% of the patients (38% of the probands) showed
metastasis at diagnosis, suggesting that MAX mutations are associated with a high risk of
malignancy. So far, no studies on PGLs have been reported.

Hot Topics in Endocrine and Endocrine-Related Diseases12

5. Therapy of hereditary NETs

5.1. Multiple Endocrine Neoplasias

5.1.1. MEN1

The therapeutic management of MEN1-related hyperparathyroidism, as the only curative
therapy, is a surgical approach designed to remove all hyperfunctioning parathyroid tissue.
This approach consists of the sub-total or total parathyroidectomy followed by autotrans‐
plantation of parathyroid tissue in a normal forearm. This approach is clearly different sur‐
gery for sporadic hyperparathyroidism. The main consequence of a radical intervention is a
severe hypoparathyroidism, which requires treatment with high doses of calcium and vita‐
min D. This condition often leads to a difficulty in controlling the homeostasis of calcium
and a reduced quality of life for the possible occurrence of gastro-intestinal disorders. It is
not rare, in addition, the recurrence of hyperparathyroidism even after an apparently total
parathyroidectomy. Studies are in progress to evaluate the efficacy of calcium-mimetic
agents in the treatment of primary hyperparathyroidism in patients MEN1. Also somatosta‐
tin analogues, used in MEN1 subjects for the treatment of duodeno-pancreatic NETs, can
have a role in reducing the levels calcium and PTH [6, 10, 100, 101]. The therapy of duode‐
no-pancreatic NETs in MEN1 patients varies depending on the type and number of tumors.
Drug therapy involves the use of biologic therapy such as somatostatin analogues. For all
pancreatic tumors MEN1-dependent, the standard surgical treatment involves the distal
pancreatectomy combined with ultrasonography and intraoperative manual palpation. In
the case of tumors located in the head of the pancreas a duodeno-cephalo-pancreatectomy
second Whipple should be practiced. The treatment of choice of a solitary gastrinoma is enu‐
cleation. However, in MEN1patients gastrinomas are often multiple and/or metastatic and
the role of surgery, in these cases, it is debated [6, 10].

Several studies are ongoing to evaluate the efficacy of new drugs such as tyrosine kinase
and mTOR inhibitors for the treatment of metastatic pancreatic NETs.

The treatment of pituitary adenomas in MEN1 patients varies depending on the type of ade‐
noma and is the same treatment applied to the sporadic counterpart. Finally, even in the
case of a successful therapy, MEN1-related pituitary adenomas require a careful follow-up
because these neoplasms can easily recur [6, 10].

At the moment there is no known preventive surgical approach that can significantly im‐
prove outcomes in MEN1 patients, with the exception of prophylactic thymectomy to pre‐
vent the occurrence of the rare thymic carcinoid tumor, a tumor frequently malignant and
aggressive. This further supports the need to identify quite early the presence of malignan‐
cies, with a view to a better clinical management [10].

5.1.2. MEN2

The therapeutic strategy for MEN2 patients should be adapted to the clinical variant and the
type of mutation in the RET gene according to the risk levels.
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Subjects with the highest risk level have the most aggressive MTC and should have thyroi‐
dectomy 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 re‐
moval of the posterior capsule should be performed before the age of five years. For subjects
with the lowest risk level (risk level 1) at this moment there are differing opinions on when
thyroidectomy should be performed. According to some authors, in fact, total thyroidecto‐
my 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 cas‐
es, if a pheochromocytoma is present, total thyroidectomy should be performed after surre‐
nectomy to avoid a catecholaminergic crisis during the surgery [10].

Several studies are ongoing to evaluate the efficacy of new drugs such as tyrosine kinase in‐
hibitors for the treatment of metastatic MTC.

The treatment of choice in unilateral pheochromocytoma in MEN2 is laparoscopic adrena‐
lectomy [10].

The treatment for hyperparathyroidism in MEN2 includes the same surgical strategy as pro‐
vided in other syndromes associated with multiple parathyroid adenomas [10].

5.2. Familial paragangliomatosis

The treatment of choice for FPGL is surgical removal of paraganglioma / pheochromocyto‐
ma, after preparation with α-and β-adrenergic blocking drugs in order to improve the peri-
operative hemodynamic stability. In the case of benign pheochromocytomas/
paragangliomas the percentage of full resolution with surgery is approximately 100% [102].
Early intervention and timely manner helps to minimize the morbidity and mortality of this
disease.For malignant pheochromocytomas/paragangliomas are available chemo- and radio-
therapic approaches. Studies are in progress to evaluate the efficacy of tyrosine kinase inhib‐
itors, such as sunitinib, for the treatment of malignancies. At the moment, there is no specific
treatment prior to the onset of hereditary pheochromocytomas/paragangliomas [103, 104].

Early diagnosis and a periodic follow-up are the best approaches for the management and
better outcome because of the possible malignant degeneration, especially in the forms asso‐
ciated with SDHB gene mutations [105].

6. Impact of genetic screening on natural history and clinical
management

In the last years, the growing number of subjects with hereditary NET who is diagnosed at a
pre-clinical stage is changing the clinical picture of these tumors. Until now the clinical fea‐
tures and natural history of hereditary NETs were based on data from patients with clinical
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evidence of disease. With the identification of specific genes responsible for the develop‐
ment of hereditary NETs, more and more subjects are recognized to be carriers of NET-relat‐
ed gene mutations. Pre-clinical genetic screening in asymptomatic first-degree relatives of
patients with hereditary NET syndromes leads to detect these neoplasias at an early stage,
even when subjects are still asymptomatic.

The genetic risk assessment can provide crucial information on the patient’s future risk for
tumors and the assessed risk to their family members. An early genetic diagnosis in asymp‐
tomatic subjects is recommended to identify subjects at risk to develop one of the above
mentioned hereditary NET syndromes as early as possible before the occurrence of clinical
manifestations, in order to improve their long-term outcome and to ensure a survival and
quality of life similar to that observed in the general population [5].

Since the screening for early symptoms starts, parents should be given counseling in the
process of considering the test for their child. Support by a psychosocial worker may be a
valuable part of the counseling.

Early detection of tumors in patients with hereditary NETs could encourage the use of cyto‐
static drugs for blocking the development of lesions in early stage or even in a pre-clinical
phase, before that they are developed. Several studies are underway to demonstrate the an‐
ti-proliferative effect of these drugs.

7. Clinical, biochemical and instrumental monitoring of patients with
hereditary NETs

Periodical evaluations in reference health centers are necessary in subjects with hereditary
NETs in a pre-clinical phase (before the appearance of tumors), especially young subjects, to
early detect tumors and prevent complications and risk of malignant transformation.

7.1. Multiple Endocrine Neoplasias

MEN1 patients and MEN1 carriers have to be monitored periodically.

The new guidelines for periodic clinical, biochemical and morphological monitoring of
MEN1 patients is shown in Table 3 [106].

7.2. Familial paragangliomatosis

Patients with FPGL and SDHx carriers have to be monitored periodically to detect the pres‐
ence of new lesions and to rule out a malignancy. Periodic clinical examination, laboratory
tests measuring plasma free metanephrines, 24-hour urine catecholamines and metanephr‐
ines, imaging techniques including neck, skull base and abdomen/pelvis CT-scan and/or
MRI and functional imaging techniques including somatostatin receptor scintigraphy and
MIBG scintigraphy are mandatory in all patients with FPGL.
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Early diagnosis and a periodic follow-up are the best approaches for the management and
better outcome because of the possible malignant degeneration, especially in the forms asso‐
ciated with SDHB gene mutations [105].

6. Impact of genetic screening on natural history and clinical
management

In the last years, the growing number of subjects with hereditary NET who is diagnosed at a
pre-clinical stage is changing the clinical picture of these tumors. Until now the clinical fea‐
tures and natural history of hereditary NETs were based on data from patients with clinical
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evidence of disease. With the identification of specific genes responsible for the develop‐
ment of hereditary NETs, more and more subjects are recognized to be carriers of NET-relat‐
ed gene mutations. Pre-clinical genetic screening in asymptomatic first-degree relatives of
patients with hereditary NET syndromes leads to detect these neoplasias at an early stage,
even when subjects are still asymptomatic.

The genetic risk assessment can provide crucial information on the patient’s future risk for
tumors and the assessed risk to their family members. An early genetic diagnosis in asymp‐
tomatic subjects is recommended to identify subjects at risk to develop one of the above
mentioned hereditary NET syndromes as early as possible before the occurrence of clinical
manifestations, in order to improve their long-term outcome and to ensure a survival and
quality of life similar to that observed in the general population [5].

Since the screening for early symptoms starts, parents should be given counseling in the
process of considering the test for their child. Support by a psychosocial worker may be a
valuable part of the counseling.

Early detection of tumors in patients with hereditary NETs could encourage the use of cyto‐
static drugs for blocking the development of lesions in early stage or even in a pre-clinical
phase, before that they are developed. Several studies are underway to demonstrate the an‐
ti-proliferative effect of these drugs.

7. Clinical, biochemical and instrumental monitoring of patients with
hereditary NETs

Periodical evaluations in reference health centers are necessary in subjects with hereditary
NETs in a pre-clinical phase (before the appearance of tumors), especially young subjects, to
early detect tumors and prevent complications and risk of malignant transformation.

7.1. Multiple Endocrine Neoplasias

MEN1 patients and MEN1 carriers have to be monitored periodically.

The new guidelines for periodic clinical, biochemical and morphological monitoring of
MEN1 patients is shown in Table 3 [106].

7.2. Familial paragangliomatosis

Patients with FPGL and SDHx carriers have to be monitored periodically to detect the pres‐
ence of new lesions and to rule out a malignancy. Periodic clinical examination, laboratory
tests measuring plasma free metanephrines, 24-hour urine catecholamines and metanephr‐
ines, imaging techniques including neck, skull base and abdomen/pelvis CT-scan and/or
MRI and functional imaging techniques including somatostatin receptor scintigraphy and
MIBG scintigraphy are mandatory in all patients with FPGL.
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Tumor Age to begin (yrs) Biochemical tests annually
Imaging tests (time

interval)

Parathyroid adenoma 8 Calcium, PTH -

Gastrinoma 20 Gastrin -

Insulinoma 5 Glucose, insulin -

Other enteropancreatic

NETs
10 CgA, PP, VIP, glucagon MRI, CT or EUS (annually)

Anterior pituitary 5 PRL, IGF-1 MRI (every 3 yrs)

Foregut carcinoid 20 - CT or MRI (every 1-2 yrs)

PTH: parathyroid hormone; CgA: chromogranin-A; PP: pancreatic polypeptide; VIP: vasoactive intestinal peptide; PRL:
prolactin; IGF-1: insulin-like growth factor 1; MRI: magnetic resonance imaging; CT: computed tomography; EUS:
echoendoscopy ultrasonography.

Table 3. Periodic clinical, biochemical and morphological monitoring of MEN1 patients
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1. Introduction

Pituitary adenomas (PA) are frequent and typically benign endocrine neoplasia, which clinical
prevalence is estimated around 1/1000 inhabitants [1]. The vast majority are sporadic. PA are
endowed with significant clinical morbidity related to hormonal hypersecretion, neurological
symptoms due to intracranial mass effects or invasion of the surrounding structures and/or
secondary hypopituitarism. Their evolution is quite variable, ranging from indolent tumours
with an extremely slow growing potential, to recurrent, aggressive, and exceptionally
malignant tumours. Their current clinical management is based on pharmacological treatment,
mainly dopamine-agonists (DA) and somatostatin analogues (SSA), surgery and radiotherapy
[2]. Despite considerable progress in the management of PA, a significant subset of patients
are not satisfactorily controlled. Long-term uncontrolled pituitary hormone hypersecretion,
leading to potential severe systemic diseases, and tumour recurrence or aggressiveness still
represent a difficult clinical challenge. Understanding the mechanisms involved in the
pathogenesis of PA is essential for the development of new therapeutic strategies. In this
chapter, we will summarize current concepts in pituitary tumorigenesis and focus our
attention on the most recent insights and new perspectives in this field.

2. Pituitary tumours

Primary pituitary tumours in human are mainly represented by PA arising from endocrine
cells in the anterior lobe and craniopharyngiomas. These latter are divided into adamanti‐
nomatous, which derive from the Rathke’s pouch, and papillary craniopharyngiomas.
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Additional tumour types deriving from non-endocrine cells of the anterior pituitary and the
neurophypohysis can be found [3], which pathogenesis is poorly known and will not be
considered in this review.

2.1. Classification

PA may be classified according to their macroscopic characteristics into micro- (< 1 cm) or
macro-adenomas (≥ 1 cm), and enclosed or invasive adenomas. Invasion of the surround‐
ing structures (cavernous sinuses, bone, sphenoidal sinus) is generally defined according
to neuroradiological  imaging – especially magnetic  resonance imaging -,  although intra-
operative  findings  may  introduce  some  correction  to  the  pre-operative  radiological
classification or reveal macroscopic dural invasion. Of note, microscopic evidence of dural
invasion is rarely present on surgical samples. The functional classification of PA is based
on their hormone-secreting potential, which may be associated with bio-clinical evidence
of  hormone  hypersecretion  or  recognized  by  immunohistochemistry  (IHC)  for  pituitary
hormones  and/or  by  specific  ultrastructural  features.  From  an  epidemiological  point  of
view,  prolactinomas  are  by  far  the  most  frequent  (50-60%),  followed by  clinically  non-
functioning  PA  (NFPA)  (20-30%),  somatotrophinomas  (10-15%),  corticotrophinomas
(5-10%)  and  thyreotrophinomas  (1-2%)  [1,2,4].  Recruitment  bias  are  frequently  encoun‐
tered  in  pathological  series,  since  most  prolactinomas  are  treated  by  DA only.  Clinico-
pathological correlations in PA have been recently reviewed [4].  In the large majority of
PA associated with bio-clinical evidence of hormone secretion, except functional hyperpro‐
lactinemia, pathological examination will confirm the diagnosis of PRL, GH, ACTH or TSH-
secreting  tumours  and  potentially  identify  bi-  or  multi-hormonal  secretion.  This  is
especially true for GH-secreting PA, which may also secrete PRL, less frequently glycopro‐
tein hormones, or both (multihormonal). TSH-secreting adenomas are rare and frequently
multihormonal. Ultrastructural studies of secreting PA may disclose a “densely granulated”
(DG) or “sparsely granulated” (SG) pattern, which may reflect significant differences in
hormone secretion and tumour behaviour. This has been well studied in somatotrophino‐
mas,  where  IHC  for  cytokeratin  can  be  used  to  disclose  the  typical  “dot-like”  staining
pattern of SG adenomas. Although a continuum exists between the SG and DG types, pure
SG are typically more aggressive than DG somatotrophinomas [5]. Pathological examina‐
tion of  NFPA may show negative immunostaining for all  pituitary hormones (the “null
cell”  or  endocrine  inactive  histotype),  positive  immunostaining  for  FSH  and/or  LH
(gonadotrophinomas) or reveal silent secretion of other pituitary hormones, in particular
ACTH and GH (“silent” secreting PA). Cell lineage may also be identified by the expres‐
sion of specific transcription factors (see “pituitary ontogenesis”) [4]. It is generally accepted
that most NFPA derive from the gonadotroph lineage, since data obtained from primary
cultures  or  molecular  analysis  of  these  tumours  frequently  reveal  a  silent  expression of
gonadotropins or their subunits, including α−subunit only. Also, transgenic mice overex‐
pressing SV40 under the control of the βFSH promoter develop gonadotroph hyperplasia

Hot Topics in Endocrine and Endocrine-Related Diseases28

and PA with  reduced gonadotropin immunoreactivity  and ultrastructural  characteristics
similar to human null cell PA [6]. Silent corticotroph adenomas are commonly aggressive
and different subtypes have been described. Pituitary carcinomas are strictly defined by
the presence  of  extra-pituitary  dissemination (see  “pituitary  carcinomas”).  Therefore,  no
diagnosis of pituitary carcinoma can be made on a surgical pituitary sample. Considera‐
ble  efforts  have  been  made  to  recognize  the  aggressive  potential  of  PA  according  to
pathological  criteria.  However,  mitoses  are  generally  rare  and  the  percentage  of  cells
immunopositive  for  the  Ki67 antigen (which is  expressed throughout  the  cell  cycle  and
detected with the MIB1 monoclonal antibody) is currently considered as the best marker
of  cell  proliferation.  A  Ki67  index  ≥3%  is  commonly  associated  with  invasiveness  [4],
although it can be reduced by pre-operative pharmacological treatment in secreting PA [7].
Immunostaining for  p53 is  also  frequently  associated with invasiveness  and is  typically
present in carcinomas [4].  For these reasons, the 2004 WHO conference has proposed to
define as “atypical adenomas” a subset of invasive PA characterized by Ki67 labelling ≥
3% and extensive p53 nuclear staining [8].  However, many criticisms remain and search
for reliable markers of aggressiveness or malignancy is going on. Gene expression profiling
comparing non-invasive adenomas with their invasive counterpart [9, 10] or with pituita‐
ry carcinomas [11] represents a promising approach.

2.2. Origin

The pathogenesis of PA is multifactorial. Traditionally, two theories have been proposed: the
primary pituitary origin, and the hypothalamic origin of PA or, more generally speaking, the
concept that PA may derive from abnormal pituitary regulation. Acromegaly or Cushing’s
disease resulting from ectopic secretion of GHRH or CRH by neuroendocrine tumours,
respectively, or estrogen-induced prolactinomas, represent the main evidence for the second
theory. However, the chief lesion in such conditions is hyperplasia, with PA developing in a
very minority of cases, whereas hyperplasia is exceptionally observed surrounding the
tumoral tissue in human PA. Although hyperplasia may be difficult to identify (reticulin
staining is not routinely proposed), there is accumulating evidence supporting the primary
pituitary origin of PA. Indeed, PA are essentially monoclonal in origin, and a number of genetic
abnormalities have been identified these tumours, which include somatic events and inherited
predisposition. The relatively low rate of recurrences following complete surgical removal of
enclosed PA, especially microadenomas, also favours a primary pituitary hypothesis. How‐
ever, polyclonality can also be observed on PA, and different clones may develop in a syn‐
chronous or delayed pattern, possibly accounting for tumour progression or regrowth [12]. A
unifying view is that pituitary tumorigenesis is a multistep and multifactorial process, which
includes early initiating genetic events, growth promotion by extracellular factors (including
the extracellular matrix, growth factors, cytokines, neuropeptides and peripheral hormones)
and additional genetic events contributing to a further progression of the tumour in terms of
invasiveness, recurrences and, exceptionally, metastasis [13,14].
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3. Pituitary developmental pathways and their potential alterations in
pituitary tumours

Because the expanding knowledge about the molecular mechanisms involved in pituitary
ontogenesis is providing new clues in the understanding of pituitary tumorigenesis, relevant
findings in this field will be summarized.

3.1. Ontogenesis of the pituitary gland

The anterior pituitary lobe (AP) derives from an invagination of the oral ectoderm forming the
Rathke’s pouch (RP), which cells proliferate and subsequently undergo progressive terminal
differentiation into the 5 adult pituitary cell types (corticotrophs; somatotrophs, lactotrophs,
gonadotrophs and thyreotrophs), whereas the posterior lobe (or neurohypophysis) derives
from a specialized region of the neuroectoderm, the infundibulum. The intermediate lobe also
arises from the RP and contains melanotrophs in rodents but is virtually absent in humans.
The molecular mechanisms of pituitary ontogenesis have been mainly studied in the mouse
and, in addition to genetic models which have contributed to elucidate the role of single
proteins [6], analysis of transcriptomes obtained from cDNA libraries in the developing
embryo represents a promising tool to identify new genes involved in this process [15,16].
Complex interactions between signalling molecules (in particular opposite signals coming
from the diencephalon and the ventral ectoderm) and pituitary transcriptions factors (TFs) are
involved and tightly regulated in a spatially and temporally organised manner. Extensive
reviews are available on this topic [17,18]. Genetic defects in pituitary TFs are responsible for
inherited abnormalities in pituitary development, spanning from syndromic diseases due to
defects in early factors (eg. Pitx2, Lhx3/4, Hesx1) to multiple pituitary hormone deficiency
(eg Prop-1, Pit-1) or single hormone deficiency (eg. Tpit) [16]. Noteworthy, some of these defects
are associated with transient pituitary hyperplasia. On the other hand, abnormal signalling
from developmental molecules such as FGFs, BMPs, and master developing pathways (Wnt
Hedgehog, Notch) is being increasingly recognized in PA. Table 1 summarizes the potential
involvement of developmental TFs and signalling molecules in PA. Overall, the expression of
TFs involved in the terminal differentiation of pituitary cells (eg. Pit-1, Tpit) is maintained in
functioning PA and may contribute to identify the original cell lineage in NFPA [4,19].
However, a phenotypic marker may not be fully specific, as reported for NeuroD1, which is
frequently expressed in NFPA in addition to corticotrophinomas [20]. Early to intermediate
pituitary TFs such as Hesx1, Pitx1 and PROP1 are expressed in the adult pituitary gland and
in all PA [21-23]. PROP1 represses Hesx1 expression while up-regulating that of Pit-1 and SF1
and Prop-1 transgenic mice develop different PA phenotypes, except corticotrophinomas [24].
Pitx2, which is required at different stages of pituitary development, is expressed in the normal
pituitary, in PRL- and TSH-secreting PA and selectively overexpressed in NFPA [22]. FOXL2
is also expressed in the adult pituitary and overexpressed in gonadotroph and NFPA [25].
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Early signalling molecules in pituitary development

BMPs

(BMP 2 and

4)

VD BMP4: essential for the invagination of Rathke’s pouch;

BMP2: involved in opposing gradients with FGF8 that

generate distinct patterns of transcription factors

expression

BMP4: overexpressed in prolactinomas,

underexpressed in corticotrophinomas

FGFs

(FGF 8 and

10)

VD/RP FGF10 : essential for cell survival

FGF8: involved in the maintenance of RP cells

proliferation opposing gradients with BMP2

NA

WNT4 and

5A/

β-catenin

VD/RP Involved in pituitary development and in the induction

of Pit-1

Wnt4 : expressed in GH/PRL/TSH-secreting

PA

Shh/Gli2 VD; oral ectoderm

except RP

Involved in early proliferation and cell type

determination as well as in the control of adult pituitary

cell function and proliferation

Shh: underexpressed in PA, including

corticotrophinomas

Notch 2 and

3

VD/RP Required for early lineage commitment and the terminal

differentiation of distinct cell lineages

Notch3: overexpressed in NFPA

Sox2 VD/RP Required for pituitary development and the

maintenance or proliferation of pituitary progenitor cells

Expressed in adamantinomatous

craniopharyngiomas

Transcriptional factors that control pituitary development

Hesx1 VD/RP Involved in early pituitary development Expressed in all PA phenotypes

Otx2 RP Involved in RP development, in particular in the

expression of Hesx1

NA

Lhx3-4 RP Required for cell survival and prevention of apoptosis NA

Isl1 RP Required for the proliferation and differentiation of

pituitary progenitors

NA

Six 1, 3 and

6

RP Six1 regulates cell proliferation; Six6 is required for

pituitary development and cell proliferation; Six3

interacts with Hesx1

NA

Pitx 1 and 2 RP Pitx1 e Pitx2 activate the early transcription of the αGSU

gene, while promoting cell proliferation, then they

Pitx1: expressed in all PA phenotypes

Pitx2: overexpressed in NFPA
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3. Pituitary developmental pathways and their potential alterations in
pituitary tumours

Because the expanding knowledge about the molecular mechanisms involved in pituitary
ontogenesis is providing new clues in the understanding of pituitary tumorigenesis, relevant
findings in this field will be summarized.

3.1. Ontogenesis of the pituitary gland

The anterior pituitary lobe (AP) derives from an invagination of the oral ectoderm forming the
Rathke’s pouch (RP), which cells proliferate and subsequently undergo progressive terminal
differentiation into the 5 adult pituitary cell types (corticotrophs; somatotrophs, lactotrophs,
gonadotrophs and thyreotrophs), whereas the posterior lobe (or neurohypophysis) derives
from a specialized region of the neuroectoderm, the infundibulum. The intermediate lobe also
arises from the RP and contains melanotrophs in rodents but is virtually absent in humans.
The molecular mechanisms of pituitary ontogenesis have been mainly studied in the mouse
and, in addition to genetic models which have contributed to elucidate the role of single
proteins [6], analysis of transcriptomes obtained from cDNA libraries in the developing
embryo represents a promising tool to identify new genes involved in this process [15,16].
Complex interactions between signalling molecules (in particular opposite signals coming
from the diencephalon and the ventral ectoderm) and pituitary transcriptions factors (TFs) are
involved and tightly regulated in a spatially and temporally organised manner. Extensive
reviews are available on this topic [17,18]. Genetic defects in pituitary TFs are responsible for
inherited abnormalities in pituitary development, spanning from syndromic diseases due to
defects in early factors (eg. Pitx2, Lhx3/4, Hesx1) to multiple pituitary hormone deficiency
(eg Prop-1, Pit-1) or single hormone deficiency (eg. Tpit) [16]. Noteworthy, some of these defects
are associated with transient pituitary hyperplasia. On the other hand, abnormal signalling
from developmental molecules such as FGFs, BMPs, and master developing pathways (Wnt
Hedgehog, Notch) is being increasingly recognized in PA. Table 1 summarizes the potential
involvement of developmental TFs and signalling molecules in PA. Overall, the expression of
TFs involved in the terminal differentiation of pituitary cells (eg. Pit-1, Tpit) is maintained in
functioning PA and may contribute to identify the original cell lineage in NFPA [4,19].
However, a phenotypic marker may not be fully specific, as reported for NeuroD1, which is
frequently expressed in NFPA in addition to corticotrophinomas [20]. Early to intermediate
pituitary TFs such as Hesx1, Pitx1 and PROP1 are expressed in the adult pituitary gland and
in all PA [21-23]. PROP1 represses Hesx1 expression while up-regulating that of Pit-1 and SF1
and Prop-1 transgenic mice develop different PA phenotypes, except corticotrophinomas [24].
Pitx2, which is required at different stages of pituitary development, is expressed in the normal
pituitary, in PRL- and TSH-secreting PA and selectively overexpressed in NFPA [22]. FOXL2
is also expressed in the adult pituitary and overexpressed in gonadotroph and NFPA [25].
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activate LHβ, FSHβ, GnRH, PRL and GH gene

transcription, while promoting cell differentiation

Pitx1 also binds the POMC promoter

FOXL2 AP A transcriptional activator of αGSU Overexpressed in NFPA

Corticotroph differentiation

NeuroD1 RP A transcriptional activator of POMC, involved in

corticotroph differentiation

Expressed in corticotrophinomas and a

subset of NFPA

Tpit POMC precursor A transcriptional activator of POMC, essential for the

specification and terminal differentiation of

corticotrophs and melanotrophs,

Expressed in secreting and silent

corticotrophinomas

Differentiation of Pit-1 lineages: somatotroph, lactotroph and thyreotroph differentiation

Prop1 RP A transcriptional activator of Pit-1 and a trascriptional

repressor of Hesx1

Expressed in all PA phenotypes

Gata2 RP Interacts and cooperates with Pit-1 for the activation of

TSHβ

Expressed essentially in gonadotroph and

thyreotroph PA

Pit-1 Pit-1 lineages Essential for the terminal differentiation and expansion

of GH/PRL/TSH-secreting cells; an enhancer of GH, PRL,

TSHβ e GHRHR gene expression and a repressor of Gata2

Expressed in GH/PRL/TSH-secreting PA

(including NFPA with silent secretion)

CREB Pit-1 lineages Required in somatotrophs Expressed in all somatotrophinomas

Gonadotroph differentiation

Gata2 RP/pituitary A promoter of SF1 gene expression See above

SF1 Gonadotrope A promoter of αGSU, FSHβ, GnRHR gene expression, it

also interacts with Egr1 and Pitx1 for the activation of

LHβ

Expressed in the majority of gonadotroph/

NFPA, not in GH/PRL-secreting PA

Egr1 Gonadotrope Required for LHβ gene expression NA

Table 1. Expression of pituitary developmental signalling molecules and TFs

3.2. Developmental pathways in pituitary adenomas

Three master developmental pathways – Wnt, Hedgehog and Notch – have been involved in
several human diseases, in particular in cancer. We will attempt to summarize current
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knowledge about their role in pituitary development and tumorigenesis, which is likely to
expand significantly in the next years.

3.2.1. The Wnt/beta-catenin pathway

The canonical Wnt/β-catenin signalling pathway plays a role in the specification of pituitary
progenitor/stem cells and β-catenin modulates the transcriptional activity of several pituitary
TFs, in particular Pitx2, PROP-1 (thereby promoting the activation of Pit-1 and the repression
of Hesx1) and SF1 [26]. Wnt4 and Wnt5a have been involved in pituitary development and
growth, respectively. Wnt signalling has also been recently involved in the pathogenesis of
craniopharyngiomas [27-30] and PA [26]. Briefly, secreted Wnt proteins bind the Frizzled (Fz)/
Lipoprotein low-density receptor (LPR) membrane complex on the cell surface of target cells,
inducing an intracellular reponse mediated by Dishevelled (Dsh), the glycogen synthase kinase
3β (GSK-3β), Adenomatous Polypous Coli (APC), axin and β-catenin. In the absence of Wnt
ligands, the GSK-3/APC/axin complex drives phosphorylated β–catenin to proteasome-
mediated degradation and Wnt signalling is repressed. In the presence of Wnt ligands, the
inhibition of β−catenin phosphorylation leads to its cytoplasmic accumulation, nuclear
localization and activation of Wnt target genes (eg cyclin D, c-myc, survivin). Wnt signalling is
modulated by several secreted Wnt inhibitors and further regulated by adhesion molecules
(eg. E-cadherin) and extra-cellular signalling pathways (eg. FGF). Beta-catenin mutants lacking
phosphorylation sites are able to activate Wnt signalling in a constitutive manner. Activating
mutations of the β–catenin gene (cadherin-associated protein β1/CTNNB1) have been reported in
several human neoplasias and in adamantinomatous craniopharyngiomas (ACPs) [27].
Although the prevalence of CTNNB1 mutations has been variably appreciated in craniophar‐
yngiomas, they are specific for the ACP phenotype and consist of amino acid substitution of
GSK-3β phosphorylation site or flanking residues [28, 29]. Their causative role in the devel‐
opment of ACPs has been recently proven in a transgenic mice model [30]. CTNNB1 mutations
are exceptional in PA, but several members of the Wnt signalling pathway have been detected
at a transcriptional level [26]. Studies on β-catenin expression and localization in PA have lead
to conflicting results, some studies reporting a nuclear accumulation in a variable proportion
of cases (0-57%) and others a predominant membrane staining with a frequent cytoplasmic
immunopositivity [26]. A reduced expression of several Wnt inhibitors has been reported in
PA [31]. Among them, WIF1 is a tumour suppressor, which reduced protein expression was
predominantly reported in NFPA, although transcriptional down-regulation is common in all
histotypes [31].

3.2.2. Sonic hedgehog

Sonic hedgehog (Shh) is involved in pituitary ontogenesis and regulates pituitary hormone
release. Shh signalling is mediated by Patched receptors (Ptc1, Ptc2) and the Gli family of TFs.
During ontogenesis, Shh is expressed by the ventral diencephalon and by the oral ectoderm
immediately adjacent to RP. There is recent evidence that Shh signalling is of particular
importance before the RP detachs from the oral ectoderm, and that Gli2 is responsible for the
proliferation of early pituitary progenitors and for the diencephalic induction of FGF8 and
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Table 1. Expression of pituitary developmental signalling molecules and TFs

3.2. Developmental pathways in pituitary adenomas

Three master developmental pathways – Wnt, Hedgehog and Notch – have been involved in
several human diseases, in particular in cancer. We will attempt to summarize current
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knowledge about their role in pituitary development and tumorigenesis, which is likely to
expand significantly in the next years.

3.2.1. The Wnt/beta-catenin pathway

The canonical Wnt/β-catenin signalling pathway plays a role in the specification of pituitary
progenitor/stem cells and β-catenin modulates the transcriptional activity of several pituitary
TFs, in particular Pitx2, PROP-1 (thereby promoting the activation of Pit-1 and the repression
of Hesx1) and SF1 [26]. Wnt4 and Wnt5a have been involved in pituitary development and
growth, respectively. Wnt signalling has also been recently involved in the pathogenesis of
craniopharyngiomas [27-30] and PA [26]. Briefly, secreted Wnt proteins bind the Frizzled (Fz)/
Lipoprotein low-density receptor (LPR) membrane complex on the cell surface of target cells,
inducing an intracellular reponse mediated by Dishevelled (Dsh), the glycogen synthase kinase
3β (GSK-3β), Adenomatous Polypous Coli (APC), axin and β-catenin. In the absence of Wnt
ligands, the GSK-3/APC/axin complex drives phosphorylated β–catenin to proteasome-
mediated degradation and Wnt signalling is repressed. In the presence of Wnt ligands, the
inhibition of β−catenin phosphorylation leads to its cytoplasmic accumulation, nuclear
localization and activation of Wnt target genes (eg cyclin D, c-myc, survivin). Wnt signalling is
modulated by several secreted Wnt inhibitors and further regulated by adhesion molecules
(eg. E-cadherin) and extra-cellular signalling pathways (eg. FGF). Beta-catenin mutants lacking
phosphorylation sites are able to activate Wnt signalling in a constitutive manner. Activating
mutations of the β–catenin gene (cadherin-associated protein β1/CTNNB1) have been reported in
several human neoplasias and in adamantinomatous craniopharyngiomas (ACPs) [27].
Although the prevalence of CTNNB1 mutations has been variably appreciated in craniophar‐
yngiomas, they are specific for the ACP phenotype and consist of amino acid substitution of
GSK-3β phosphorylation site or flanking residues [28, 29]. Their causative role in the devel‐
opment of ACPs has been recently proven in a transgenic mice model [30]. CTNNB1 mutations
are exceptional in PA, but several members of the Wnt signalling pathway have been detected
at a transcriptional level [26]. Studies on β-catenin expression and localization in PA have lead
to conflicting results, some studies reporting a nuclear accumulation in a variable proportion
of cases (0-57%) and others a predominant membrane staining with a frequent cytoplasmic
immunopositivity [26]. A reduced expression of several Wnt inhibitors has been reported in
PA [31]. Among them, WIF1 is a tumour suppressor, which reduced protein expression was
predominantly reported in NFPA, although transcriptional down-regulation is common in all
histotypes [31].

3.2.2. Sonic hedgehog

Sonic hedgehog (Shh) is involved in pituitary ontogenesis and regulates pituitary hormone
release. Shh signalling is mediated by Patched receptors (Ptc1, Ptc2) and the Gli family of TFs.
During ontogenesis, Shh is expressed by the ventral diencephalon and by the oral ectoderm
immediately adjacent to RP. There is recent evidence that Shh signalling is of particular
importance before the RP detachs from the oral ectoderm, and that Gli2 is responsible for the
proliferation of early pituitary progenitors and for the diencephalic induction of FGF8 and
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BMP4 [32]. This is consistent with reports of human inactivating Gli2 germline mutations
associated with severe pituitary developmental defects and different degrees of craniofacial
abnormalities [33]. In the adult pituitary Shh/Ptc2/Gli1 signalling is active in corticotrophs and
stimulates POMC transcription and ACTH release; Gli1 is necessary for CRF signalling [34].
Contrasting with the corticotroph specificity of Shh, Ptc receptors are also expressed in other
pituitary secreting cells, although in a phenotype-specific manner [34]. Shh immunostaining
was found low or absent in a large series of PA, including corticotrophinomas, whereas the
expression of Ptch receptors was retained [35]. Shh was also found to stimulate ACTH, GH
and PRL secretion by normal and tumorous pituitary cells in vitro and to inhibit cell prolifer‐
ation in pituitary cell lines [35]. Thus, Shh may exert differential effects on pituitary cell growth
(with stimulating effects on progenitor cells and inhibiting effects in differentiated cells) and
is able to differentially modulate secretion and proliferation in PA.

3.2.3. Notch/Hes1

Notch signalling regulates progenitor cell differentiation during embryogenesis. Notch is a
cell-to-cell signalling network composed by transmembrane ligands (in mammals Delta-like
1,3,4 and Jagged 1,2), the transmembrane Notch receptors (Notch 1-4), and a transcription
factor (in mammals RBPJ), which is activated by the intracellular fragment of Notch after
ligand-induced Notch cleavage has occurred. Notch target genes encode beta-helix loop-helix
(bHLH) TFs, in particular the Hairy Enhancer of Split (Hes) family. A peculiarity of Notch
signalling is lateral inhibition, with intracellular signalling being inactive in cells expressing
Notch ligands. After the Notch pathway was shown to be oncogenic in haematological
malignancies, it has been involved in several solid tumours, with either oncogenic or tumour
suppressing functions, depending on the tissue and the expression of the different components
of the Notch pathway. Notch is also involved in angiogenesis and participates in tumour
angiogenesis through interactions with the VEGF pathway [36]. Genes encoding Notch
signalling molecules are temporally and spatially regulated in the developing pituitary.
During rodent pituitary ontogenesis, expression of the Notch2, Notch 3 and Delta-like 1 (Dll1)
genes was observed in the RP, whereas Delta-like 3 (Dll3) gene expression was restricted to the
melanotrophs and early corticotrophs [37]. PROP-1 has been shown to specifically induce
Notch2, with Prop1 ablation inducing a dramatic reduction in Notch2 and a concomitant
increase in Dll1 [37]. Expression of the Hes1 and Hes6 genes was also observed in the RP [37].
HES1 was subsequently shown to repress the expression of different cell cycle inhibitors and
mediate the balance between pituitary progenitors proliferation and differentiation [38]. At
the moment, few data are available on the possible role of the Notch pathway in the pituitary
tumorigenesis. Overexpression of Notch3 has been recently reported in NFPA [39], and several
elements of the Notch pathways have been identified in the transcriptome of prolactinomas
[40] and multihormonal PA [41], suggesting that new data will be available in the future.

3.3. Pituitary stem cells

The pituitary gland is characterized by a high degree of plasticity, which is involved in
pituitary function changes through life and adaptation to physiological and pathological
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variations in peripheral hormone feed-back. Several conditions require a re-organization of
pituitary cell composition, with an expansion of a specific cell pool (eg. lactotrophs during
pregnancy and lactation). This may theoretically result from an increased proliferation of
already differentiated cells, a transdifferentiation from a pre-existing cell population or a
recruitment of putative adult pituitary stem/progenitor cells [42,43]. The presence of post-natal
pituitary progenitor/stem cells able to self-renew and differentiate into hormone-secreting cells
has now been recognized by several groups. Five potential pituitary stem cells or progenitor
cell populations have been characterized in the mouse and reported as side population (SP),
pituitary colony-forming cells, nestin-expressing cells, Sox2+/Sox9- cells and GFR-α2-Prop1-
Stem cell marker-expressing (GPS) cells, respectively [42,43]. The best characterized are SP
cells, Sox2+/Sox9- and GPS cells [42,43]. These cell populations represent <1% to 3-5% of anterior
pituitary cells, are localized mainly along the Rathke’s cleft (the proposed pituitary stem cells
niche) and are able to form pituispheres in vitro. The question arises whether these cells may
contribute to pituitary tumorigenesis. Cancer stem cells have been reported in a number of
human malignancies and derive their name from their ability to develop tumours, in the same
way by which normal stem cells lead to organ development. Their origin is not fully under‐
stood and they may derive from normal stem cells, re-differentiation/dedifferentiation of
progenitor or differentiated cells, or both [42]. A possible role for pituitary progenitor/stem
cells in pituitary tumorigenesis has been recently proposed. Conditional deletion of RB in Pax7
precursors was sufficient to generate NFPA in mice [44]. In addition, floating clonal spheres
have been isolated from two human PA [45]. These putative ‘pituitary adenoma stem-like cells’
(PASCs) overexpressed several stem cells-related genes, including components of the Notch
and Wnt/β-catenin pathways and were tumorigenic in vivo. Tumours from the mice cranio‐
pharyngioma model cited hitherto also contained cells with phenotypic characteristics of
progenitor/stem cells and Sox2/Sox9 expression [30]. Similar findings have been reported in
human ACP, with a subset of samples also expressing RET or GFRα [46]. Further work is
warranted to clarify the possible contribution of stem cells in PA, especially in those showing
an aggressive behavior.

4. Genetics of pituitary tumours

PA are triggered by a variety of genetic abnormalities [13,14,47]. The vast majority occur at a
somatic level, but inherited predisposition is being increasingly recognized.

4.1. Inherited predisposition to pituitary tumours

Although inherited predisposition to PAs is often recognized in a familial setting, a sporadic
presentation may occur. In addition to their implications for familial screening, genes involved
in hereditary tumours may provide important clues in the comprehension of the molecular
basis of tumorigenesis. We have recently reviewed this topic and proposed an algorithm for
genetic screening in patients with PA [48].
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BMP4 [32]. This is consistent with reports of human inactivating Gli2 germline mutations
associated with severe pituitary developmental defects and different degrees of craniofacial
abnormalities [33]. In the adult pituitary Shh/Ptc2/Gli1 signalling is active in corticotrophs and
stimulates POMC transcription and ACTH release; Gli1 is necessary for CRF signalling [34].
Contrasting with the corticotroph specificity of Shh, Ptc receptors are also expressed in other
pituitary secreting cells, although in a phenotype-specific manner [34]. Shh immunostaining
was found low or absent in a large series of PA, including corticotrophinomas, whereas the
expression of Ptch receptors was retained [35]. Shh was also found to stimulate ACTH, GH
and PRL secretion by normal and tumorous pituitary cells in vitro and to inhibit cell prolifer‐
ation in pituitary cell lines [35]. Thus, Shh may exert differential effects on pituitary cell growth
(with stimulating effects on progenitor cells and inhibiting effects in differentiated cells) and
is able to differentially modulate secretion and proliferation in PA.

3.2.3. Notch/Hes1

Notch signalling regulates progenitor cell differentiation during embryogenesis. Notch is a
cell-to-cell signalling network composed by transmembrane ligands (in mammals Delta-like
1,3,4 and Jagged 1,2), the transmembrane Notch receptors (Notch 1-4), and a transcription
factor (in mammals RBPJ), which is activated by the intracellular fragment of Notch after
ligand-induced Notch cleavage has occurred. Notch target genes encode beta-helix loop-helix
(bHLH) TFs, in particular the Hairy Enhancer of Split (Hes) family. A peculiarity of Notch
signalling is lateral inhibition, with intracellular signalling being inactive in cells expressing
Notch ligands. After the Notch pathway was shown to be oncogenic in haematological
malignancies, it has been involved in several solid tumours, with either oncogenic or tumour
suppressing functions, depending on the tissue and the expression of the different components
of the Notch pathway. Notch is also involved in angiogenesis and participates in tumour
angiogenesis through interactions with the VEGF pathway [36]. Genes encoding Notch
signalling molecules are temporally and spatially regulated in the developing pituitary.
During rodent pituitary ontogenesis, expression of the Notch2, Notch 3 and Delta-like 1 (Dll1)
genes was observed in the RP, whereas Delta-like 3 (Dll3) gene expression was restricted to the
melanotrophs and early corticotrophs [37]. PROP-1 has been shown to specifically induce
Notch2, with Prop1 ablation inducing a dramatic reduction in Notch2 and a concomitant
increase in Dll1 [37]. Expression of the Hes1 and Hes6 genes was also observed in the RP [37].
HES1 was subsequently shown to repress the expression of different cell cycle inhibitors and
mediate the balance between pituitary progenitors proliferation and differentiation [38]. At
the moment, few data are available on the possible role of the Notch pathway in the pituitary
tumorigenesis. Overexpression of Notch3 has been recently reported in NFPA [39], and several
elements of the Notch pathways have been identified in the transcriptome of prolactinomas
[40] and multihormonal PA [41], suggesting that new data will be available in the future.

3.3. Pituitary stem cells

The pituitary gland is characterized by a high degree of plasticity, which is involved in
pituitary function changes through life and adaptation to physiological and pathological
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variations in peripheral hormone feed-back. Several conditions require a re-organization of
pituitary cell composition, with an expansion of a specific cell pool (eg. lactotrophs during
pregnancy and lactation). This may theoretically result from an increased proliferation of
already differentiated cells, a transdifferentiation from a pre-existing cell population or a
recruitment of putative adult pituitary stem/progenitor cells [42,43]. The presence of post-natal
pituitary progenitor/stem cells able to self-renew and differentiate into hormone-secreting cells
has now been recognized by several groups. Five potential pituitary stem cells or progenitor
cell populations have been characterized in the mouse and reported as side population (SP),
pituitary colony-forming cells, nestin-expressing cells, Sox2+/Sox9- cells and GFR-α2-Prop1-
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4.1.1. Multiple Endocrine Neoplasia type 1 (MEN1)

MEN1 is an autosomal dominant condition defined by the presence, in a single subject or
within a single family, of two or more hyperplastic and/or adenomatous lesions of the
parathyroid glands (~90%), the gastro-entero-pancreatic (GEP) tract (30-80%) and/or the
anterior pituitary (~40%). The clinical characteristics of MEN1-related PA have been recently
reviewed elsewhere [48,49]. Briefly, their phenotypic distribution is unremarkable when
compared to sporadic PA, with a predominance of prolactinomas (~60%), but they are more
frequently invasive and resistant to pharmacological treatment. Pediatric onset is not uncom‐
mon, especially for PRL- and ACTH-secreting PA, and carcinomas have been reported. Peri-
tumoral hyperplasia is rare, but multiple and plurihormonal adenomas are more frequent than
in sporadic PA [50]. Since the identification of the MEN1 gene in 11q13, direct sequencing has
been developed in many laboratories worldwide and more than 600 mutations have been
identified. Molecular defects in the MEN1 gene have been reported in details [51] and consist
of insertions/deletions with frameshift (40%), non-sense (>20%) and missense (<20%) muta‐
tions, scattered throughout the entire coding region and splice sites of the gene. Large deletions
(1%) may occur and escape direct sequencing, requiring additional molecular techniques such
as Multiple Ligase Probe Amplification (MLPA) for their identification. Most mutations are
supposed to lead to a truncated protein (>70%). Although no clear genotype-phenotype
association has been established, aberrant familial expression of MEN1-related tumours and
reports of severe phenotypes associated with mutations that completely abolish menin
function suggest that this aspect may currently be underestimated [52]. However, in an
increasing proportion of cases, especially in the presence of a sporadic association of MEN1–
related tumours, no MEN1 gene mutations are found (up to 10-30%). In particular, the
relatively common association between PA and primary hyperparathyroidism has been
ascribed to MEN1 in <10% of the cases [53]. MEN1 is a tumour suppressor gene encoding a
610 amino-acid protein, menin, with somatic inactivation of the wild-type allele in MEN1
tumours occurring mostly through LOH. Different MEN1 mouse models have been generated,
including conditional tissue-specific models, which have largely confirming the role of MEN1
inactivation in endocrine tumorigenesis [51]. Recently, pituitary tumour targeting in a MEN1+/-

mice model through in situ injection of the MEN1 gene in adenoviral vectors has proven to
restore menin expression and significantly reduce cell proliferation [54]. Menin is an ubiqui‐
tous nuclear protein, which has been involved in a complex network of protein-protein
interactions and implicated in the regulation of gene transcription, DNA repair and cell
division. Menin suppresses PRL transcription and participates in cell cycle control through the
induction of the cyclin-dependent kinases inhibitor (CKI) genes encoding p27Kip1 and p18Ink4c.
It also interacts with nuclear receptors involved in the control of pituitary function and/or
proliferation such as ERα and PPARγ and with Smad proteins, involved in TGFβ signalling.
A role for menin as a general co-regulator of transcription involved in epigenetic changes on
histone proteins has emerged during the last decade (see “epigenetics”) [55]. Alterations in the
MEN1 gene play a limited role in sporadic pituitary tumorigenesis, and <3% of patients
presenting with apparently sporadic PA have germline MEN1 mutations. However, contrast‐
ing with the expression of menin in all normal pituitary cell types, variable degrees of
underexpression have been reported in all human PA histotypes, with complete loss occurring
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in a PRL-secreting carcinoma [56]. Although LOH in 11q13 may account for reduced menin
expression in a subset of PA, post-transcriptional and post-translational mechanisms are also
likely.

4.1.2. Carney Complex (CNC)

The "complex of myxomas, spotty skin pigmentation, and endocrine overactivity” is a rare and
heterogeneous condition, characterized by the association of endocrine overactivity and
tumors - Primary Pigmented Nodular Adrenocortical Disease (PPNAD), acromegaly, thyroid
and gonadal tumors – with cardiac myxomas, schwannomas and skin pigmented lesions [57].
Primary pituitary presentation is rare and pituitary abnormalities are mainly represented by
an hyperplasia of GH/PRL-secreting cells, which frequently translates into mild hyperprolac‐
tinemia and/or subclinical alterations of GH/IGF1 secretion. Early onset GH/IGF1 hypersecre‐
tion may induce gigantism, but acromegaly and somatotrophinomas develop in a minority of
patients (15%). Up to 70% of CNC patients present in a familial setting, with an autosomal
dominant transmission. Germline heterozygote mutations in the regulatory subunit type 1A of
cAMP-dependent protein kinase (PKRAR1A) gene in 17q22-24 can be identified in ~60% of the
cases, especially in familial forms (80%), with recent evidence for some genotype-phenotype
correlation [58]. Most PKRAR1A mutations are distributed through the coding sequence, 20%
are intronic and affect splicing and two short deletions have been identified as hot spots
[57,58]. LOH at the corresponding locus may be observed in CNC-related PA and conditional
pituitary heterozygous knockout of the PKRAR1A gene is associated with an increased
prevalence of PA arising from the Pit-1 dependent lineage [59], supporting a tumour suppres‐
sor function for PKRAR1A. CNC tumours show increased protein kinase A (PKA) activity and
abnormal activation of the cAMP pathway. A second locus for Carney complex (CNC2) has
been mapped in 2p16 by linkage analysis in CNC kindreds and confirmed by FISH analysis.
Because most alterations were amplifications, undisclosed oncogenes may be involved [57,58].
A missense mutation in the MYH8 gene, encoding the myosin heavy polypeptide 8, has been
exceptionally reported in a CNC variant co-segregating with the trismus-pseudocamptodac‐
tyly syndrome [60]. An increased prevalence of point mutations in the phosphodiesterase
PDE11A gene has also been reported in CNC patients affected by PKRAR1A mutations [61].
However, these variants were associated with an increased prevalence of adrenal and testicular
tumours but did not impact the prevalence of PA.

4.1.3. McCune Albright Syndrome (MAS)

MAS is a rare sporadic disease due to post-zygotic activating mutations in the α subunit of the
stimulatory G protein (GNAS1) gene on 20q13 leading to mosaicism. It is typically characterized
by the clinical triad of café-au-lait skin spots, polyostotic fibrous dysplasia and autonomous
endocrine overactivity syndromes, including peripheral precocious puberty, hyperthyroidism
and GH/IGF-1 and/or PRL hypersecretion [62]. Due to mosaicism, GNAS1 sequencing on
leukocyte DNA is disappointing, since less than 50% can be detected even in the presence of
a typical MAS triad [63]. Pituitary abnormalities are similar to those observed in CNC patients,
with a typical hyperplasia of GH/PRL-secreting cells and somatotrophinomas developing in
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a minority of patients. This can be explained by constitutive activation of the cAMP pathway
as a common molecular hallmark of MAS-and CNC-related cellular abnormalities. In MAS
patients, increased cAMP signalling only occurs in cells affected by activating mutations of
GNAS1, which typically affect the Arginine 201 residue [63].

4.1.4. MEN-4 and other CDKI-related disorders

Inactivating mutations in the CDKN1B gene encoding p27Kip1 have been involved in atypical
multiple endocrine neoplasia syndromes called MENX in the rat and MEN4 in humans,
respectively, where a familial association of acromegaly, hyperparathyroidism, testicular
cancer and angiomyolipomas was reported [64]. In this kindred, both the proband and his
father had acromegaly and a germline heterozygous W76X truncating mutation was found.
Subsequently, additional CDKN1B mutations were reported in MEN1-like patients by
different groups, with hyperparathyroidism appearing as a constant feature and the presence
of additional PA phenotypes being confirmed in some cases (one ACTH-secreting and one
micro-NFPA) [65]. Associated tumours in these patients included gastro-entero-pancreatic
endocrine tumours, carcinoids and papillary thyroid cancer. In most cases, functional studies
in vitro have revealed decreased protein expression, cellular mislocalization in the cytoplasm,
or a defective interaction with protein partners [65]. Search for mutations in CDKN1B and
genes encoding additional CKIs has also been performed in 196 patients with MEN1-like
syndromes. In addition to common benign polymorphisms, mutations in the CDKN1B/
p27Kip1 gene were the most frequently encountered (1.5%), followed by genes encoding
p15Ink4b (1.0%), p18 Ink4c (0.5%) and p21WAF1 (0.5%) [66]. However, PA were associated only with
mutations in the CDKN1B/p27Kip1 and CDKN1A/p21Cip1 genes [66]. Of note, the association
between primary hyperparathyroidism and PA does not appear to be explained by CDKN1B/
p27Kip1mutations [67]. Overall, human CDKI-related conditions are very rare but appear to be
inherited in a dominant manner.

4.1.5. The pituitary adenoma-paraganglioma/pheochromocytoma association: A new syndrome?

Succinate dehydrogenase (SDH) is a mitochondrial enzyme composed of four functionally
different subunits A,B,C,D. Mutations in genes encoding the SDH B,C and D subunits
predispose to pheochromocytomas/ paragangliomas and additional tumours, including
thyroid cancer. Recently, a germline mutation in the SDHD gene leading to a truncated protein
was reported in an acromegalic patient affected by a pheochromocytoma occurring in a familial
context. LOH at the corresponding locus in 11q23 was found in the pituitary GH-secreting
macroadenoma, suggesting a role for SDHD loss in pituitary tumorigenesis [68]. Because the
association between PA and pheochromocytomas/paragangliomas has been reported in the
literature, further search for inactivating mutations in SDH genes is warranted.

4.1.6. Familial Isolated Pituitary Adenomas (FIPA) and the Aryl hydrocarbon receptor Interacting
Protein (AIP) gene

Familial Isolated Pituitary Adenomas (FIPA) are defined by the familial presentation of PA in
the absence of syndromic features. In 2006, 64 European FIPA kindreds were reported,
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including patients affected by prolactinomas (55%), somatotrophinomas (~30%), non-secreting
PA (~15%) and corticotrophinomas (<5%) [69]. The prevalence of FIPA among PA was
estimated about 2-3% and kindreds were almost equally divided into homogeneous and
heterogeneous, as defined by the familial association of PA with a single or multiple pheno‐
types, respectively. Familial homogeneous somatotrophinomas, previously reported as
“Isolated Familial Somatotrophinomas”, accounted for ~20% of the whole series. In the same
year, the Aryl hydrocarbon receptor Interacting Protein (AIP) gene was identified as a predispo‐
sition gene in two large Finnish pedigrees with GH- and/or PRL-secreting adenomas [70]. The
AIP gene was located in 11q13.3 and its causative role in FIPA was soon supported by the
identification of germline AIP mutations in 11/73 FIPA kindreds (15%), including 50% of those
presenting with homogeneous somatotrophinomas and ~10% of heterogenous kindreds [71].
Since this date, AIP-related FIPA have been further identified worldwide [48]. These findings
and the expanding knowledge about the implications of germline AIP mutations and the
potential role of AIP in the pathogenesis of PA have been recently reviewed [48,72] and will
be summarized and updated. Because AIP was originally reported as a “Pituitary Adenoma
Predisposition” (PAP) gene with a low penetrance, and on the basis of accumulating evidence
for an incomplete penetrance of PA in AIPmut-FIPA kindreds, screening for AIP mutations in
patients with an apparently sporadic presentation of the disease was then performed by several
groups. Although AIP mutations were very rarely observed in unselected patients, they could
be identified in 12% of patients presenting with pituitary macroadenomas before the age of 30
[73] and up to 23% of pediatric PA patients [74]. The highest prevalence was found in patients
presenting with gigantism and/or early onset GH/PRL-secreting PA. The phenotype of
AIPmut PA has now been well characterised. Most AIPmut PA are somatotrophinomas (up to
80%), followed by prolactinomas (13.5%) and any other phenotype, with a male predominance
and a frequent early onset of the disease [75]. Compared to their non-AIPmut counterpart, AIPmut

somatotrophinomas are more aggressive and resistant to SSA [74]. AIPmut prolactinomas are
also frequently aggressive and resistant to DA. From a molecular point of view, more than 50
AIP mutations have been identified so far and distributed through the entire coding sequence.
Most are truncating (60-70%) - including the Finnish AIPQ14X founding mutation –, more than
20% are missense and a few hotspots have been reported. Large deletions (10%) and excep‐
tional promoter mutations may also be encountered, in addition to changes of uncertain
biological significance (polymorphisms and non-splicing intron variants). The molecular
pathways involved in AIP-related pathogenesis have not been elucidated yet, but an AIP+/-

mice model has been developed [76]. Interestingly, the wild type strain of mice used for the
generation of the AIP+/- model spontaneously develops prolactinomas, and heterozygous AIP
+/- ablation lead to a full penetrance of PA, with a shift toward a GH-secreting phenotype and
an earlier onset of the disease. While further supporting the tumour suppressing function of
AIP in somatotrophs, these findings highlight the importance of the genetic background and
the contribution of genetic modifiers in the development of AIPmut PA, which have also been
recognized in humans [77]. Pituitary tissue surrounding AIPmut PA has been rarely described,
but hyperplasia was recently reported [78]. The AIP gene encodes a 330 amino-acids cytoplas‐
mic protein (AIP/XAP2/ARA9), which is abundantly expressed by normal somatotrophs and
to a lesser extent by lactotrophs. It is frequently down-regulated in AIPmut PA, due to somatic
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AIP hemizygosity, but also in invasive sporadic somatotrophinomas and in prolactinomas,
whereas it appears to be upregulated in a subset of NFPA [reviewed in 48]. Loss of AIP
expression has been recently proposed as a marker of aggressiveness in sporadic somatotro‐
phinomas [79]. Accordingly GH3 cell proliferation was increased by AIP gene silencing or
inactivation and decreased by overexpression of wild-type AIP, respectively [reviewed in
48,72]. The AIP protein presents a N-terminal immunophilin-like domain (FKBP-52), but its
functional properties appear to be mediated essentially through three tetratricopeptide repeats
(TPR) and a C-terminal α-helix, which are involved in multiple protein-protein interactions.
Identified partners of AIP include: 1) the Aryl Hydrocarbon Receptor (AHR or “dioxin
receptor”), a transcription factor involved in cell response to polycyclic aromatic hydrocarbons
but also in developmental processes and the regulation of cell cycle and differentiation, which
is stabilized in the cytoplasm in a multimeric AIP/AHR/Hsp90 complex; 2) the phosphodies‐
terases PDE4A5 and PDE2A, both implicated in cAMP signalling ; 3) the anti-apoptotic factor
survivin and RET, which prevents the stability of the AIP/survivin complex; 4) members of
the steroid receptor superfamily (eg. PPARα, ERα); 5) viral proteins [48,72]. Most AIP
mutations reported so far may theoretically disrupt one or more functional interactions of AIP
and defective interactions with PDE4A5 have been proven in vitro [72]. An emerging field of
research is the potential role of AIP as a mediator of SSA in the treatment of somatotrophino‐
mas, which would explain the frequent pharmacological resistance of AIPmut tumours. Indeed,
AIP immunostaining was recently reported to be higher in somatotrophinomas treated with
SSA pre-operatively than in untreated tumours [80] and proposed as a predictive factor for
the post-operative response to SSA in these tumours [81] Accordingly, octreotide treatment
was found to increase AIP expression in GH3 cells [80].

4.2. Somatic events in pituitary tumours

Somatic events in pituitary tumours include genetic and epigenetic changes. Intragenic
mutations are less frequently encountered than in other solid tumours. Indeed, oncogene
activation is mainly triggered by the overexpression of genes involved in extracellular
signalling and cell cycle progression, with a few gain-of-function mutations and occasional
rearrangements being reported. Inactivation of tumour suppressor genes is very common and
occurs through epigenetic changes more frequently than through loss-of-function mutations
and/or allelic deletions. MicroRNAs (miRs) have also recently emerged as important regulators
of gene/protein expression in pituitary tumours.

4.2.1. Chromosome and DNA alterations in PA

Several chromosome abnormalities have been reported in PA, although on limited series of
tumours, and include aneuploidy and evidence for intrachromosomal gain or loss of DNA.
For example, trisomies involving chromosomes 5, 8 and 12 appear to be very frequent in
prolactinomas [82], whereas trisomies involving chromosomes 7, 9 and 20 were reported in
NFPA [83]. Conversely, monosomy of chromosome 11 was observed in an aggressive MEN1-
related prolactinoma [84] and LOH with single or multiple allelic deletions at different loci
have been reported, which also appear to be more frequent in invasive PA. For instance, the
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frequency of LOH in 11q13, 13q12-14 and/or 10q26 was found to increase from <10% in low
grade to nearly 75% in high grade PA, according to a modified Hardy’s classification [85]. As
compared to other solid tumours, classical somatic oncogenic mutations are relatively rare in
PA [reviewed in 13,47]. The most frequent oncogenic mutation is represented by activating
missense mutations in the GNAS1 gene, the so-called Gsp oncogene, which has been reported
in up to 40% of somatotrophinomas and occasionally in other phenotypes (<10% NFPA, <5%
corticotrophinomas) [86]. A single B-Raf mutation (V600E) was reported in a NFPA sample
[87]. Other activating mutations have been reported in aggressive tumours, such as activating
H-Ras point mutations in pituitary carcinomas, PKCα in invasive PA and more recently
PIK3CA in pituitary carcinomas and invasive secreting PA [88]. A pituitary specific truncated
form of the FGFR4 (ptFGFR4) endowed with constitutive phosphorylation was also reported
in prolactinomas, and a truncated activin receptor (Alk4), devoided of growth suppressing
activity, has been observed in NFPA [19]. More frequently, overexpression of oncogenic
proteins has been reported in the absence of mutations and ascrìbed to gene amplification or
transcriptional upregulation. These include overexpression of growth factors and cytokines
(eg. TGFα,VEGF) and their receptors (eg. EGFR), proteins involved in the control of cell cycle
and proliferation (eg. cyclins, HMGAs, PTTG, c-myc), cell survival (eg.Bcl2, survivin, BAG1),
intracellular signalling (eg. GNAS1, PIK3CA, Akt) and tumour invasion (eg. MMPs). Somatic
inactivating mutations in TSGs are even less common. Although p53 frequently accumulates
in aggressive PA and especially in pituitary carcinomas, rare mutations have been reported in
carcinomas only [89]. Homozygous deletions in the protein-binding pocket of pRB have been
reported in a minority of PA showing a complete loss of pRb expression [90]. However,
downregulation of TSGs occurs very frequently in PA, due to LOH, epigenetic silencing or
microRNAs dysregulation. Pituitary TSGs have been recognized among proteins involved in
cell cycle control (eg. CKIs, pRb, Zac1), extracellular signalling (eg. TGFβ, BMP4, FGFR2), DNA
repair (eg. p53, GADD45γ) or apoptosis (eg. PTAG, DAPK1), which will be discussed further
on. Current studies on gene expression profiling in PA are giving an important contribution
to the identification of new genes, which expression is dysregulated in PA [10,13,91,92]. It
should be kept in mind, however, that a subset of proteins involved in pituitary tumorigenesis
may be downregulated regardless of gene expression, since increased protein degradation
through the proteasome pathway may in some cases play a prevalent role, as reported for
p27Kip1 or Reprimo [93] and miRs may impact the stability and translation of target mRNAs
(see “microRNAs”).

4.2.2. Epigenetics in PA

Epigenetic changes are mainly characterized by DNA methylation and histone modifications,
leading to chromatin remodelling and regulation of gene expression through a modulation of
DNA accessibility to TFs. Epigenetic changes may coexist with genetic events (eg. inactivating
mutations, LOH). Methylation of cytosine residues in CpG islands of gene promoters is
associated with gene silencing and is inheritable through successive divisions, with de novo
methylation being carried out by the DNA methyltransferase DNMT3, whereas histone
modifications, such as methylation, acetylation, or phosphorylation, are reversible upon
specific enzymatic modifications and their effect on gene transcription can be predicted
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corticotrophinomas) [86]. A single B-Raf mutation (V600E) was reported in a NFPA sample
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form of the FGFR4 (ptFGFR4) endowed with constitutive phosphorylation was also reported
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carcinomas only [89]. Homozygous deletions in the protein-binding pocket of pRB have been
reported in a minority of PA showing a complete loss of pRb expression [90]. However,
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cell cycle control (eg. CKIs, pRb, Zac1), extracellular signalling (eg. TGFβ, BMP4, FGFR2), DNA
repair (eg. p53, GADD45γ) or apoptosis (eg. PTAG, DAPK1), which will be discussed further
on. Current studies on gene expression profiling in PA are giving an important contribution
to the identification of new genes, which expression is dysregulated in PA [10,13,91,92]. It
should be kept in mind, however, that a subset of proteins involved in pituitary tumorigenesis
may be downregulated regardless of gene expression, since increased protein degradation
through the proteasome pathway may in some cases play a prevalent role, as reported for
p27Kip1 or Reprimo [93] and miRs may impact the stability and translation of target mRNAs
(see “microRNAs”).

4.2.2. Epigenetics in PA

Epigenetic changes are mainly characterized by DNA methylation and histone modifications,
leading to chromatin remodelling and regulation of gene expression through a modulation of
DNA accessibility to TFs. Epigenetic changes may coexist with genetic events (eg. inactivating
mutations, LOH). Methylation of cytosine residues in CpG islands of gene promoters is
associated with gene silencing and is inheritable through successive divisions, with de novo
methylation being carried out by the DNA methyltransferase DNMT3, whereas histone
modifications, such as methylation, acetylation, or phosphorylation, are reversible upon
specific enzymatic modifications and their effect on gene transcription can be predicted
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through a “histone code” [94]. For instance, acetylation and trimethylation on specific Lysine
residues (K) on histone 3 (H3K9Ac and H3K4me3, respectively) are associated with an open
chromatin configuration and active gene transcription, whereas other modifications on
histones 3 and 4 (eg. H3K9me3, H3K27me3, H4K12Ac) are associated with a closed chromatin
configuration and gene silencing. Aberrant gene expression due to epigenetic changes can be
involved at all stages of tumourigenesis and is very frequently encountered in PA [95]. An
early event in pituitary tumorigenesis is silencing of the CDKN2A/p16INK4a gene by promoter
methylation, which has been reported in all PA histotypes, though it may be less frequent in
somatotrophinomas. Down-regulation of additional TSGs may be at least partially explained
by gene promoter methylation, including other cell cycle regulators (eg. p15INK4b, pRB, p14ARF,
GADD45γ, neuronatin/NTTA, MEG3), developmental and growth factor signalling molecules
(eg. FGFR2, WIF1, RASSF1A), pro-apoptotic genes (eg. PTAG, DAP kinase, Zac1), genes
involved in cell adhesion (eg. E-cadherin, H-cadherin) and TFs (eg. Ikaros 6) [13,47,95]. Of note,
a minority of these genes are normally imprinted (eg. MEG3, Zac1, NNTA). In contrast,
promoter hypomethylation can induce overexpression of pituitary oncogenes. For instance,
loss of imprinting of the GNAS1 gene may be responsible for an overexpression of the wild-
type gene, mimicking the effects of the Gsp oncogene. Abnormal expression of MAGE-A3, an
X-chromosome linked gene silenced by thorough promoter methylation in normal pituitary
cells, has been explained by promoter hypomethylation in PA [96]. Further characterization
of DNA methylome by specific array techniques appears as a promising tool for the identifi‐
cation of new genes modified by abnormal methylation patterns [97]. Histone modifications
may contribute either to transcriptional repression, as reported for FGFR2 [96] and BMP4 [98],
or to increased gene expression, as reported for the estrogen-induced MAGE-3A expression
[96] or for DNMT3 [95]. An interesting function of menin as a co-regulator of transcription
though histone changes has also been proposed to explain several alterations in gene expres‐
sion observed in MEN1-related tumours [55]. Menin is able to tether histone deacetylase
activity to genes, thereby repressing gene expression, as reported for JunD- or NF-kB-
dependent transcription. On the other hand, as a part of Mixed Lineage Leukemia (MLL)
protein-containing complexes which specifically triggers H3K4me3 trimethylation, menin has
been involved in the activation of several genes, including homeobox genes (Hox),
CDKN1B/p27Kip1, CDKN2C/p18Ink4 and nuclear hormone receptor sensitive genes. These
functions of menin and their final effects on cell proliferation depend on the cellular context
and may explain why menin acts as a TSG in endocrine cells and a co-oncogenic protein in
leukemias [99].

4.2.3. The emerging role of microRNAs and other non-coding RNAs

MicroRNAs (miRs) are small non-coding RNA molecules (18-25 nucleotides) involved in the
post-transcriptional regulation of mRNAs stability. More than 600 miRs have been reported
in the human genome and up to 30% of genes are believed to be regulated by miRs. Briefly,
miRs derive from the intracellular processing of precursors called pri- and pre-miRNAs, and
mature miRs bind to the 3’ untranslated sequence of mRNA target molecules, leading to the
formation of miRs duplexes. MiRs duplexes are incorporated into protein containing RNA-
induced silencing complexes (RISC) and, according to their degree of complementarity with
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miRs, target mRNAs can be cleaved (perfect complementarity) or undergo partial degradation
and translational inhibition (imperfect complementarity, which is the most common figure).
MiRs have been involved in the control of pituitary development [100] and function [101].
Alterations in miRs expression profile, including loss or gain of expression, have been
increasingly involved in pituitary tumorigenesis. Since the first report on miR15a and miR16-1
downregulation in GH- and PRL-secreting macroadenomas [102], more than 100 dysregulated
miRs have been identified in PA, with phenotype-specific expression profiles being reported
in GH- and/or PRL-secreting, ACTH-secreting or NFPA [103-112]. Although in most cases their
biological significance is not fully understood, several miRs have been involved in the control
of pituitary cell cell proliferation, differentiation, apoptosis, cell adhesion and metabolism, and
a subset has been linked to a more aggressive behavior or even to malignant transformation
[103, 104, 110]. Target mRNAs are also being increasingly recognized. For instance, Bcl2 mRNA
is a target for miR-16-1 and the expression of Bcl2 can be upregulated as a consequence of
miR-16-1 down-regulation, contributing to promote cell survival. In somatotrophinomas, loss
of miR-126 contributes to cell proliferation through an upregulation of the PI3K regulatory
subunit β (which amplificates PI3K signalling) [104], whereas upregulation of miR-107 has
been recently involved in AIP silencing [105]. Overexpression of PTTG and HMGAs in PA
may also be partially explained by specific miRs dysregulation [104, 106,107]. Another
interesting aspect is the potential role of LOH in the dysregulation of miRs expression, as
reported for miR-15a and miR-16-1 which may be underexpressed as a consequence of LOH
in 13q14. There is also recent evidence that the miRs profile in PA may be influenced by their
pre-operative pharmacological treatment, as reported in somatotrophinomas treated by
lanreotide [106] and in prolactinomas treated by bromocriptine [108]. A non exhaustive list of
miRs involved in pituitary tumorigenesis is shown in Table 2. Other non-coding RNAs may
also be implicated. The Maternally Expressed Gene 3 (MEG3), a large non-coding RNA molecule
expressed by normal pituitary cells and selectively lost in NFPA, suppresses cell proliferation
through p53-mediated/p21 independent and pRB-mediated pathways [113]. MEG3 is part of
the imprinted DLK1/MEG locus, where maternally expressed genes (eg MEG3) are non-coding
RNAs and paternally expressed genes (eg DLK1) encode proteins. Interestingly, silencing of
the DLK1/MEG locus in NFPA is responsible for the underexpression of additional non-coding
RNAs, including several miRs [114].
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through a “histone code” [94]. For instance, acetylation and trimethylation on specific Lysine
residues (K) on histone 3 (H3K9Ac and H3K4me3, respectively) are associated with an open
chromatin configuration and active gene transcription, whereas other modifications on
histones 3 and 4 (eg. H3K9me3, H3K27me3, H4K12Ac) are associated with a closed chromatin
configuration and gene silencing. Aberrant gene expression due to epigenetic changes can be
involved at all stages of tumourigenesis and is very frequently encountered in PA [95]. An
early event in pituitary tumorigenesis is silencing of the CDKN2A/p16INK4a gene by promoter
methylation, which has been reported in all PA histotypes, though it may be less frequent in
somatotrophinomas. Down-regulation of additional TSGs may be at least partially explained
by gene promoter methylation, including other cell cycle regulators (eg. p15INK4b, pRB, p14ARF,
GADD45γ, neuronatin/NTTA, MEG3), developmental and growth factor signalling molecules
(eg. FGFR2, WIF1, RASSF1A), pro-apoptotic genes (eg. PTAG, DAP kinase, Zac1), genes
involved in cell adhesion (eg. E-cadherin, H-cadherin) and TFs (eg. Ikaros 6) [13,47,95]. Of note,
a minority of these genes are normally imprinted (eg. MEG3, Zac1, NNTA). In contrast,
promoter hypomethylation can induce overexpression of pituitary oncogenes. For instance,
loss of imprinting of the GNAS1 gene may be responsible for an overexpression of the wild-
type gene, mimicking the effects of the Gsp oncogene. Abnormal expression of MAGE-A3, an
X-chromosome linked gene silenced by thorough promoter methylation in normal pituitary
cells, has been explained by promoter hypomethylation in PA [96]. Further characterization
of DNA methylome by specific array techniques appears as a promising tool for the identifi‐
cation of new genes modified by abnormal methylation patterns [97]. Histone modifications
may contribute either to transcriptional repression, as reported for FGFR2 [96] and BMP4 [98],
or to increased gene expression, as reported for the estrogen-induced MAGE-3A expression
[96] or for DNMT3 [95]. An interesting function of menin as a co-regulator of transcription
though histone changes has also been proposed to explain several alterations in gene expres‐
sion observed in MEN1-related tumours [55]. Menin is able to tether histone deacetylase
activity to genes, thereby repressing gene expression, as reported for JunD- or NF-kB-
dependent transcription. On the other hand, as a part of Mixed Lineage Leukemia (MLL)
protein-containing complexes which specifically triggers H3K4me3 trimethylation, menin has
been involved in the activation of several genes, including homeobox genes (Hox),
CDKN1B/p27Kip1, CDKN2C/p18Ink4 and nuclear hormone receptor sensitive genes. These
functions of menin and their final effects on cell proliferation depend on the cellular context
and may explain why menin acts as a TSG in endocrine cells and a co-oncogenic protein in
leukemias [99].

4.2.3. The emerging role of microRNAs and other non-coding RNAs

MicroRNAs (miRs) are small non-coding RNA molecules (18-25 nucleotides) involved in the
post-transcriptional regulation of mRNAs stability. More than 600 miRs have been reported
in the human genome and up to 30% of genes are believed to be regulated by miRs. Briefly,
miRs derive from the intracellular processing of precursors called pri- and pre-miRNAs, and
mature miRs bind to the 3’ untranslated sequence of mRNA target molecules, leading to the
formation of miRs duplexes. MiRs duplexes are incorporated into protein containing RNA-
induced silencing complexes (RISC) and, according to their degree of complementarity with
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miRs, target mRNAs can be cleaved (perfect complementarity) or undergo partial degradation
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Alterations in miRs expression profile, including loss or gain of expression, have been
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downregulation in GH- and PRL-secreting macroadenomas [102], more than 100 dysregulated
miRs have been identified in PA, with phenotype-specific expression profiles being reported
in GH- and/or PRL-secreting, ACTH-secreting or NFPA [103-112]. Although in most cases their
biological significance is not fully understood, several miRs have been involved in the control
of pituitary cell cell proliferation, differentiation, apoptosis, cell adhesion and metabolism, and
a subset has been linked to a more aggressive behavior or even to malignant transformation
[103, 104, 110]. Target mRNAs are also being increasingly recognized. For instance, Bcl2 mRNA
is a target for miR-16-1 and the expression of Bcl2 can be upregulated as a consequence of
miR-16-1 down-regulation, contributing to promote cell survival. In somatotrophinomas, loss
of miR-126 contributes to cell proliferation through an upregulation of the PI3K regulatory
subunit β (which amplificates PI3K signalling) [104], whereas upregulation of miR-107 has
been recently involved in AIP silencing [105]. Overexpression of PTTG and HMGAs in PA
may also be partially explained by specific miRs dysregulation [104, 106,107]. Another
interesting aspect is the potential role of LOH in the dysregulation of miRs expression, as
reported for miR-15a and miR-16-1 which may be underexpressed as a consequence of LOH
in 13q14. There is also recent evidence that the miRs profile in PA may be influenced by their
pre-operative pharmacological treatment, as reported in somatotrophinomas treated by
lanreotide [106] and in prolactinomas treated by bromocriptine [108]. A non exhaustive list of
miRs involved in pituitary tumorigenesis is shown in Table 2. Other non-coding RNAs may
also be implicated. The Maternally Expressed Gene 3 (MEG3), a large non-coding RNA molecule
expressed by normal pituitary cells and selectively lost in NFPA, suppresses cell proliferation
through p53-mediated/p21 independent and pRB-mediated pathways [113]. MEG3 is part of
the imprinted DLK1/MEG locus, where maternally expressed genes (eg MEG3) are non-coding
RNAs and paternally expressed genes (eg DLK1) encode proteins. Interestingly, silencing of
the DLK1/MEG locus in NFPA is responsible for the underexpression of additional non-coding
RNAs, including several miRs [114].
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MicroRNA Cromosome

map (h)

Molecular defect Histotype Function Ref.
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miR-132 17p13.3 Down-regulation All PA - 103

miR-152 17q21 Overexpression All PA Cell proliferation 103
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*a transcriptional repressor of PTEN

Table 2. Differential expression of microRNAs in pituitary tumours

5. Alterations in neuropeptide signalling in pituitary tumours

Hypothalamic peptides play an essential role in normal pituitary cells and their biological effects
are mediated by G-protein coupled receptors (GPCRs) [19]. In addition to their dynamic control
on pituitary hormone secretion and release, they may exert trophic effects on target cells - such
as GHRH and CRH on somatotrophs and corticotrophs, respectively – or limit their prolifera‐
tion – such as dopamine in lactotrophs. The expression of neuropeptide receptors is generally
conserved in pituitary tumours and represents the molecular basis for their pharmacological
treatment with DA and SSA [2]. However, abnormal expression of these receptors may be
involved in paradoxical responses or in pharmacological resistance. Neuropeptides may also
be produced by the pituitary gland or ectopically by neuroendocrine tumours, and their ectopic
secretion may lead to pituitary hyperplasia and/or adenoma. Finally, abnormal intracellular
signalling may occur in PA, contribute to pituitary tumorigenesis and potentially influence the
response to pharmacological treatment. An extensive review of such processes would be beyond
the scope of this work, so we will focus on the most relevant and recent findings in this field.

5.1. Abnormalities in the cAMP-PKA pathway

The cAMP/PKA pathway is essential in pituitary cells, especially in somatotrophs and in
corticotrophs. Briefly, the α-subunit of the stimulatory G protein (Gsα), encoded by the GNAS1
gene, is required for the activation of adenyl cyclase and the generation of cAMP in somato‐
troph and corticotroph cells in response to GHRH and CRH, respectively, whereas the α-
subunit of the inhibitory G protein (Gi) inhibits adenylate cyclase activity and decreases cAMP
signalling in response to dopamine, somatostatin and their pharmacological analogues. As
already reported, somatic activating mutations in the GNAS1 gene – the Gsp oncogene – are
frequent in somatotrophinomas whereas post-zygotic mutations are associated with the MAS
syndrome. The GNAS1 locus is under a complex imprinting control and GNAS1/Gsp muta‐
tions are exclusively found on the maternal allele. Gsp+ somatotrophinomas were first charac‐
terized by high adenyl cyclase activity and high intracellular cAMP concentration. However,
conflicting results concerning the phenotype of Gsp+ somatotrophinomas arised from large
studies comparing Gsp+ and Gsp- tumours [86]. In particular, no significant differences were
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MicroRNA Cromosome

map (h)

Molecular defect Histotype Function Ref.

miR-191 3p21 Overexpression All PA Cell proliferation 103

miR-145 5q32 Down-regulation GH Target genes: c-myc, k-

ras, c-fos,

cyclin D2, MAPK (↑)

106

miR-30a/b/c/d 6q13 (c);

8q24.2 (b)

Overexpression ACTH - 103

miR-320 8p21.3 Overexpression GH - 107

miR-24-1 9q22.1 Down-regulation All PA Predicted target genes:

VEGFR1 and several

oncogenes

103

Let7-a 9q22.32 Down-regulation All PA Target genes: HMGA1,

HMGA2 (↑)

Potential target genes:

Ras

103,

104, 112

miR-126 9q34.3 Down-regulation GH Amplification of PI3K

signalling;

PTTG (↑)

106

miR-107 10q23 Overexpression GH/ NFPA Target gene: AIP (↓) 105, 111

miR-326 11q13.4 Down-regulation GH, some PRL

NFPA

Target genes: HMGA1,

HMGA2, E2F (↑)

107

miR-141 12p13 Down-regulation ACTH Tumor growth and

tumor local invasion

103

miR-16-1 13q14 Down-regulation All PA Target genes: HMGA1,

HMGA2, Bcl2 (↑)

102-

104, 112

miR-15a 13q14 Down-regulation All PA, in particular

GH/PRL

Target genes: HMGA1,

HMGA2 (↑)

102,

103, 112

miR-20a 13q31.3 Overexpression NFPA Target gene: Wee1(↓) 109

miR-493 14q32.2 Overexpression ACTH (carcinoma) Target genes: LGALS-3

and RUNX2 (↓)

110

miR-381 14q32.31 Down-regulation GH Target gene:

PTTG (↑)

106

miR-140 16q22.1 Overexpression NFPA

(macroadenomas)

Tumor growth 103

miR-212 17p13.3 Overexpression All PA Target gene: DEDD (↓),

↑ apoptosis

103

miR-132 17p13.3 Down-regulation All PA - 103

miR-152 17q21 Overexpression All PA Cell proliferation 103

miR-122 18q21.31 Overexpression ACTH (carcinoma) - 110

miR-23a 19p13.13 Overexpression GH/PRL - 103

miR-24-2 19p13.13 Overexpression GH/PRL See miR-24-1 103

Down-regulation ACTH/ NFPA See miR-24-1 103

miR-155 21q21.3 Overexpression GH/PRL/NFPA Target gene: 109
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MicroRNA Cromosome

map (h)

Molecular defect Histotype Function Ref.

Wee1 (↓)

miR-098 Xp11.2 Down-regulation All PA Predicted target genes

involved in cell

progression,

cytoskeleton and vesicle

organization

103

*a transcriptional repressor of PTEN

Table 2. Differential expression of microRNAs in pituitary tumours

5. Alterations in neuropeptide signalling in pituitary tumours

Hypothalamic peptides play an essential role in normal pituitary cells and their biological effects
are mediated by G-protein coupled receptors (GPCRs) [19]. In addition to their dynamic control
on pituitary hormone secretion and release, they may exert trophic effects on target cells - such
as GHRH and CRH on somatotrophs and corticotrophs, respectively – or limit their prolifera‐
tion – such as dopamine in lactotrophs. The expression of neuropeptide receptors is generally
conserved in pituitary tumours and represents the molecular basis for their pharmacological
treatment with DA and SSA [2]. However, abnormal expression of these receptors may be
involved in paradoxical responses or in pharmacological resistance. Neuropeptides may also
be produced by the pituitary gland or ectopically by neuroendocrine tumours, and their ectopic
secretion may lead to pituitary hyperplasia and/or adenoma. Finally, abnormal intracellular
signalling may occur in PA, contribute to pituitary tumorigenesis and potentially influence the
response to pharmacological treatment. An extensive review of such processes would be beyond
the scope of this work, so we will focus on the most relevant and recent findings in this field.

5.1. Abnormalities in the cAMP-PKA pathway

The cAMP/PKA pathway is essential in pituitary cells, especially in somatotrophs and in
corticotrophs. Briefly, the α-subunit of the stimulatory G protein (Gsα), encoded by the GNAS1
gene, is required for the activation of adenyl cyclase and the generation of cAMP in somato‐
troph and corticotroph cells in response to GHRH and CRH, respectively, whereas the α-
subunit of the inhibitory G protein (Gi) inhibits adenylate cyclase activity and decreases cAMP
signalling in response to dopamine, somatostatin and their pharmacological analogues. As
already reported, somatic activating mutations in the GNAS1 gene – the Gsp oncogene – are
frequent in somatotrophinomas whereas post-zygotic mutations are associated with the MAS
syndrome. The GNAS1 locus is under a complex imprinting control and GNAS1/Gsp muta‐
tions are exclusively found on the maternal allele. Gsp+ somatotrophinomas were first charac‐
terized by high adenyl cyclase activity and high intracellular cAMP concentration. However,
conflicting results concerning the phenotype of Gsp+ somatotrophinomas arised from large
studies comparing Gsp+ and Gsp- tumours [86]. In particular, no significant differences were

New Insights in the Pathogenesis of Pituitary Tumours
http://dx.doi.org/10.5772/56028

45



found concerning their hormone secretion profile and tumour aggressiveness. This could be
partially explained by the development of molecular mechanisms able to counteract a sus‐
tained increase in cAMP concentration, such as an increased phosphodiesterase (PDE) activity,
in particular PDE4, in Gsp+ tumours. In addition, the Gs protein is instable and barely detecta‐
ble in Gsp+ tumours, whereas an overexpression of the wild-type Gsα protein can be observed
in Gsp- tumours [86,115]. Accepting the concept that Gsp mutations represent an early pathoge‐
netic event, long-standing Gsp+ tumours may also have accumulated additional molecular
abnormalities able to modify their early phenotype. However, most studies indicate that Gsp+

somatotrophinomas are significantly smaller than their Gsp- counterpart and show a better
response to SSA. This could be explained in vitro by a greater effect of cAMP decrease in the
presence of high basal cAMP concentrations. The presence of a cAMP-responsive element (CRE)
in the SSTR2 promoter also suggested that constitutive activation of the cAMP/PKA pathway
might result in an increased sentivity to SSA, but no difference in SSTR2 expression has been
found between Gsp+ and Gsp- adenomas. However, considering the proliferative effects of the
cAMP/PKA pathway in somatotrophs, the smaller volume of Gsp+ tumours is intringuing and
suggests that cAMP signalling is also linked to somatotroph differentiation. A few additional
mutations in G proteins have been reported in PA, among which rare mutations involved in
IP3/calcium signalling [86]. Additional abnormalities in cAMP signalling are represented by
dysregulated protein kinase A (PKA) activity. In its inactive form, PKA is composed of two
regulatory and two catalytic subunits. These latter are released when the intracellular cAMP
concentration increases and bind the regulatory subunits. The inactivating mutations in the
PRKAR1A gene encoding the type 1α regulatory subunit of PKA reported in patients affected
by CNC is associated with increased cAMP signalling, probably through an altered equilibri‐
um between regulatory and catalytic PKA subunits [57]. No somatic PRKAR1A mutations have
been observed in PA. However, a marked reduction in PRKAR1A protein expression was
reported in PA of different histotypes, due to an increase in proteasome-mediated protein
degradation [116]. This was found to result in an imbalance between the R1 and R2 isoforms of
the PKA regulatory subunit, which in turn was associated with an increased cell proliferation
in GH3 cells and increased Cyclin D1 expression in somatotroph PA. Following the discovery
of missense and inactivating mutations in adrenal and testicular tumours, variants in the
PDE11A gene have been reported in 17% of acromegalic patients [117]. Due their high frequen‐
cy in the control population and the absence of phenotypic changes in the corresponding
tumours, these variants were unlikely to be pathogenic. Accordingly, PDE11 variants in CNC
patients were not found to increase the prevalence of PA [61]. However, a single truncating
mutation was observed and LOH at the corresponding locus was found in an additional tumour,
with decreased PDE11A immunoreactivity in both cases, suggesting that genetic alterations in
PDE11A may occasionally contribute to pituitary tumorigenesis [117].

5.2. Neuropeptides, neuropeptide receptors and their implications in pituitary tumour
pathogenesis and treatment

Abnormal hypothalamic neuropeptide signalling has long been involved in the pathogene‐
sis of PA. GHRH stimulates somatotroph proliferation and causes somatotroph hyperpla‐
sia in mice, with PA developing in old transgenic GHRH animals. Hypothalamic acromegaly
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has been exceptionally reported in patients with gangliocytomas [118] and ectopic secre‐
tion of GHRH by neuroendocrine tumours has been well characterized. In a retrospective
analysis of 21 patients with ectopic acromegaly [119],  most patients showed radiological
evidence of pituitary enlargement, but 5 had normal pituitary imaging and 6 had suspect‐
ed  PA,  respectively.  Out  of  the  four  cases  who  underwent  pituitary  surgery,  all  had
somatotroph  hyperplasia  and  2  had  concomitant  GH/PRL-secreting  PA.  Noteworthy,  a
MEN1 context was identified in 8/11 cases. Ectopic secretion of CRH by neuroendocrine
tumours may cause ACTH-dependent hypercortisolism, but this is an exceptional condi‐
tion  and  ectopic  secretion  of  ACTH  and  other  POMC-derived  peptides  is  by  far  most
frequent.  TRH  stimulates  thyrotrophs  and  lactotrophs,  mainly  through  the  IP3/calcium
pathway, and patients with long-standing, severe, primary hypothyroidism may develop
pituitary thyrotroph and lactotroph hyperplasia due to an altered feedback on TRH/TSH
secretion. Similar mechanisms are involved in gonadotroph hyperplasia secondary to long-
standing  hypogonadism  (of  note,  pituitary  hyperplasia  is  not  a  feature  of  menopause).
However, true “feed-back” PA are rare and are likely to require additional somatic events.
Abnormal/ectopic,  expression  of  neuropeptide  receptors  may  also  occur  in  PA  and  ac‐
count for some “paradoxical” responses observed in vivo or in vitro (eg. GH increase after
TRH or GnRH stimulation in acromegalic patients) [120]. Loss of hormonal inhibition might
also be involved in pituitary cell dysregulation. Dopamine maintains a tonic inhibition on
PRL secretion and cell proliferation in lactotrophs through the dopaminergic receptor D2R.
In prolactinomas, neovascularization by-passing the hypothalamus has been proposed to
allow tumor cells  to  escape dopamine inhibition.  D2R-deficient  mice develop lactotroph
hyperplasia and late-onset adenomas, especially in females [6]. However, no mutations in
the D2R gene have been identified in human prolactinomas and most of them respond to
DA in terms of prolactin normalization and tumour shrinkage. Reduced D2R expression, in
particular of its short isoform, is frequently observed in resistant prolactinomas [121]. An
essential  role  for  the  cytoskeleton-associated  protein  filamin  A  in  D2R  expression  and
signalling has been recently shown in MMQ cells and reduced filamin-A expression has
been  associated  with  low  D2R  expression  and  pharmacological  resistance  in  human
prolactinomas  [122].  Similarly,  hypothalamic  somatostatin  inhibits  GH  secretion  and
somatostatin receptors (SSTRs) are expressed on somatotrophinomas. Among the five SSTRs
subtypes, SSTR2 and SSTR5 mediate most of the therapeutic effects of SSA in these tumours.
Although there is no evidence that loss of somatostatin inhibition plays a role in pituitary
tumorigenesis, abnormal somatostatin signalling may impact the outcome of pharmacolog‐
ical treatment [123]. Resistance to SSA in somatotrophinomas has been associated with low
SSTR2 expression and a few genetic abnormalities in SSTR5, including an inactivating SSTR5
missense mutation in the third intracellular loop and LOH at the SSTR5 gene locus [117].
The  truncated isoform of  SSTR5,  sst5TDM4,  may also  reduce  the  efficacy  of  SSA [124].
Finally, the pituitary gland produces neuropeptides with paracrine effects on pituitary cells
(eg. galanin, bombesin, VIP, PACAP) [19,125]. Some of these peptides may also play a role
in pituitary tumorigenesis, as suggested by animal models such as transgenic mice overex‐
pressing galanin under the control of the GH promoter, which develop pituitary hyperpla‐
sia and adenomas [126].
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found concerning their hormone secretion profile and tumour aggressiveness. This could be
partially explained by the development of molecular mechanisms able to counteract a sus‐
tained increase in cAMP concentration, such as an increased phosphodiesterase (PDE) activity,
in particular PDE4, in Gsp+ tumours. In addition, the Gs protein is instable and barely detecta‐
ble in Gsp+ tumours, whereas an overexpression of the wild-type Gsα protein can be observed
in Gsp- tumours [86,115]. Accepting the concept that Gsp mutations represent an early pathoge‐
netic event, long-standing Gsp+ tumours may also have accumulated additional molecular
abnormalities able to modify their early phenotype. However, most studies indicate that Gsp+

somatotrophinomas are significantly smaller than their Gsp- counterpart and show a better
response to SSA. This could be explained in vitro by a greater effect of cAMP decrease in the
presence of high basal cAMP concentrations. The presence of a cAMP-responsive element (CRE)
in the SSTR2 promoter also suggested that constitutive activation of the cAMP/PKA pathway
might result in an increased sentivity to SSA, but no difference in SSTR2 expression has been
found between Gsp+ and Gsp- adenomas. However, considering the proliferative effects of the
cAMP/PKA pathway in somatotrophs, the smaller volume of Gsp+ tumours is intringuing and
suggests that cAMP signalling is also linked to somatotroph differentiation. A few additional
mutations in G proteins have been reported in PA, among which rare mutations involved in
IP3/calcium signalling [86]. Additional abnormalities in cAMP signalling are represented by
dysregulated protein kinase A (PKA) activity. In its inactive form, PKA is composed of two
regulatory and two catalytic subunits. These latter are released when the intracellular cAMP
concentration increases and bind the regulatory subunits. The inactivating mutations in the
PRKAR1A gene encoding the type 1α regulatory subunit of PKA reported in patients affected
by CNC is associated with increased cAMP signalling, probably through an altered equilibri‐
um between regulatory and catalytic PKA subunits [57]. No somatic PRKAR1A mutations have
been observed in PA. However, a marked reduction in PRKAR1A protein expression was
reported in PA of different histotypes, due to an increase in proteasome-mediated protein
degradation [116]. This was found to result in an imbalance between the R1 and R2 isoforms of
the PKA regulatory subunit, which in turn was associated with an increased cell proliferation
in GH3 cells and increased Cyclin D1 expression in somatotroph PA. Following the discovery
of missense and inactivating mutations in adrenal and testicular tumours, variants in the
PDE11A gene have been reported in 17% of acromegalic patients [117]. Due their high frequen‐
cy in the control population and the absence of phenotypic changes in the corresponding
tumours, these variants were unlikely to be pathogenic. Accordingly, PDE11 variants in CNC
patients were not found to increase the prevalence of PA [61]. However, a single truncating
mutation was observed and LOH at the corresponding locus was found in an additional tumour,
with decreased PDE11A immunoreactivity in both cases, suggesting that genetic alterations in
PDE11A may occasionally contribute to pituitary tumorigenesis [117].

5.2. Neuropeptides, neuropeptide receptors and their implications in pituitary tumour
pathogenesis and treatment

Abnormal hypothalamic neuropeptide signalling has long been involved in the pathogene‐
sis of PA. GHRH stimulates somatotroph proliferation and causes somatotroph hyperpla‐
sia in mice, with PA developing in old transgenic GHRH animals. Hypothalamic acromegaly
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has been exceptionally reported in patients with gangliocytomas [118] and ectopic secre‐
tion of GHRH by neuroendocrine tumours has been well characterized. In a retrospective
analysis of 21 patients with ectopic acromegaly [119],  most patients showed radiological
evidence of pituitary enlargement, but 5 had normal pituitary imaging and 6 had suspect‐
ed  PA,  respectively.  Out  of  the  four  cases  who  underwent  pituitary  surgery,  all  had
somatotroph  hyperplasia  and  2  had  concomitant  GH/PRL-secreting  PA.  Noteworthy,  a
MEN1 context was identified in 8/11 cases. Ectopic secretion of CRH by neuroendocrine
tumours may cause ACTH-dependent hypercortisolism, but this is an exceptional condi‐
tion  and  ectopic  secretion  of  ACTH  and  other  POMC-derived  peptides  is  by  far  most
frequent.  TRH  stimulates  thyrotrophs  and  lactotrophs,  mainly  through  the  IP3/calcium
pathway, and patients with long-standing, severe, primary hypothyroidism may develop
pituitary thyrotroph and lactotroph hyperplasia due to an altered feedback on TRH/TSH
secretion. Similar mechanisms are involved in gonadotroph hyperplasia secondary to long-
standing  hypogonadism  (of  note,  pituitary  hyperplasia  is  not  a  feature  of  menopause).
However, true “feed-back” PA are rare and are likely to require additional somatic events.
Abnormal/ectopic,  expression  of  neuropeptide  receptors  may  also  occur  in  PA  and  ac‐
count for some “paradoxical” responses observed in vivo or in vitro (eg. GH increase after
TRH or GnRH stimulation in acromegalic patients) [120]. Loss of hormonal inhibition might
also be involved in pituitary cell dysregulation. Dopamine maintains a tonic inhibition on
PRL secretion and cell proliferation in lactotrophs through the dopaminergic receptor D2R.
In prolactinomas, neovascularization by-passing the hypothalamus has been proposed to
allow tumor cells  to  escape dopamine inhibition.  D2R-deficient  mice develop lactotroph
hyperplasia and late-onset adenomas, especially in females [6]. However, no mutations in
the D2R gene have been identified in human prolactinomas and most of them respond to
DA in terms of prolactin normalization and tumour shrinkage. Reduced D2R expression, in
particular of its short isoform, is frequently observed in resistant prolactinomas [121]. An
essential  role  for  the  cytoskeleton-associated  protein  filamin  A  in  D2R  expression  and
signalling has been recently shown in MMQ cells and reduced filamin-A expression has
been  associated  with  low  D2R  expression  and  pharmacological  resistance  in  human
prolactinomas  [122].  Similarly,  hypothalamic  somatostatin  inhibits  GH  secretion  and
somatostatin receptors (SSTRs) are expressed on somatotrophinomas. Among the five SSTRs
subtypes, SSTR2 and SSTR5 mediate most of the therapeutic effects of SSA in these tumours.
Although there is no evidence that loss of somatostatin inhibition plays a role in pituitary
tumorigenesis, abnormal somatostatin signalling may impact the outcome of pharmacolog‐
ical treatment [123]. Resistance to SSA in somatotrophinomas has been associated with low
SSTR2 expression and a few genetic abnormalities in SSTR5, including an inactivating SSTR5
missense mutation in the third intracellular loop and LOH at the SSTR5 gene locus [117].
The  truncated isoform of  SSTR5,  sst5TDM4,  may also  reduce  the  efficacy  of  SSA [124].
Finally, the pituitary gland produces neuropeptides with paracrine effects on pituitary cells
(eg. galanin, bombesin, VIP, PACAP) [19,125]. Some of these peptides may also play a role
in pituitary tumorigenesis, as suggested by animal models such as transgenic mice overex‐
pressing galanin under the control of the GH promoter, which develop pituitary hyperpla‐
sia and adenomas [126].
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6. Dysregulated cell growth and survival in pituitary tumours

Alterations in cell cycle control and imbalance between cell proliferation and apoptosis are
general mechanisms in tumours. Such alterations may be driven by abnormal extracellular
signalling and/or abnormal intracellular responses to extracellular signals, including constit‐
utive activation of proliferative pathways and/or escape to normal regulatory signals.

6.1. Extracellular signalling in PA

In addition to neuropeptides, pituitary cells depend on extracellular signalling from the
extracellular matrix, a variety of growth factors (GFs) and peripheral hormones secreted by
target glands. Extracellular signalling molecules are involved in a complex network of
paracrine and autocrine pathways, which are tightly regulated in the developing and adult
pituitary [125]. Cell-to-cell signalling regulates pituitary hormone secretion, cell differentia‐
tion, growth, survival and plasticity, as well as angiogenesis. Abnormal signalling may
therefore participate in pituitary tumorigenesis.

6.1.1. Growth factors and cytokines

The pituitary gland is an abundant source of GFs, in particular the FGF, EGF and VEGF
families, and cytokines (the TGFβ family, interleukins and chemokines) [19,125]. Due to the
abundant literature in this field, we will present an overview of the best studied GFs and
related pathways in PA. FGFs play an important role in pituitary development. FGFs include
>20 members and FGF signalling is mediated by 4 FGF receptors (FGFR1-4), with different
isoforms (cell-bound, secreted, truncated) generated by alternative splicing. FGFs and FGFRs
are involved in proliferative and anti-proliferative signals. The heparin-binding secretory
transforming (hst) gene encoding FGF4, was first identified in prolactinomas, with strong FGF4
immunostaining being correlated with tumour invasiveness [127]. A tumour specific N-
terminally truncated FGFR4 (ptdFGFR4), characterized by an exclusive intracellular localiza‐
tion and constitutive phosphorylation, was also identified in PA of different histotypes and
proven to be tumorigenic in vitro and in vivo [128]. FGF2 has been involved in the pathogenesis
of estrogen-induced experimental prolactinomas [129]. In contrast, signalling through the
FGFR2 by FGF7 has anti-proliferative effects and down-regulation of FGFR2 has been reported
in a subset of PA, in particular prolactinomas [130]. The TGFβ superfamily includes several
members (TGFβ1-3, activin/inhibins and BMPs), which may exert either collaborative or
opposing signalling on different pituitary cells and PA histotypes. TGFβ signalling is mediated
by Smad proteins and generally inhibits cell proliferation. All TGFβ isoforms and their receptor
TGFβ-R-II are expressed in PA, and TGFβ inhibits estrogen-induced lactotroph proliferation
and PRL secretion [131]. Activin normally increases the synthesis of FSH while inhibiting that
of PRL, GH and ACTH and exerts anti-proliferative effects on lactotrophs and prolactinoma
cells [132]. Truncated activin receptors (Alk4) have been reported in PA, with a dominant effect
opposing the antiproliferative effects of activin [133]. Inactivation of menin also blocks the anti-
proliferative effects of TGFβ and activin on lactotrophs [132]. In contrast, BMP4 promotes the
proliferation of GH/PRL-secreting cells and the development of prolactinomas, while inhibit‐
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ing the proliferation of corticotrophs [134]. Accordingly, BMP4 is up-regulated in prolactino‐
mas and down-regulated in corticotrophinomas [19]. Interestingly, BMP4 is down-regulated
by DA in prolactinomas [108]. Other cytokines produced by the pituitary gland include
interleukin 1 (IL1) 1 and TNFα, leukemia inhibitory factor (LIF), macrophage migration
inhibitory factor (MIF), interferon γ, interleukins 2 (IL2) and 6 (IL6), which potential role in
PA has not been extensively studied [131]. An increasing attention has been paid to IL6, which
is normally produced by FCS cells but is secreted by tumour cells in PA, where it has been
involved in cell proliferation, angiogenesis and oncogene-induced senescence [131]. Chemo‐
kines have also been increasingly involved in ontogenesis and cancer. The chemokine receptor
CXCR4 is expressed in the normal pituitary and its ligand, the Stromal-cell Derived Factor
SDF1/CXCL12, was found to increase GH/PRL secretion and cell proliferation in GH4C1 cells.
An overexpression of CXCR4 and, to a lower extent, SDF1, has been reported in somatotro‐
phinomas and NFPA [135]. EGF expression has been observed at all stages of pituitary
development and in the adult pituitary, and the EGFR pathway contributes to pituitary
physiology and tumorigenesis [136]. It is involved in the control of corticotroph and gonado‐
troph functions at both hypothalamic and pituitary levels and modulates hormone secretion
and proliferation in GH/PRL-secreting cells. More than 60% of PA, in particular the secreting
histotypes, have been shown to express EGFR by different techniques, whereas ErB2 was found
in ~30% of PA, especially in NFPA [136]. Both have been positively correlated with tumour
invasiveness. The EGFR pathway is of particular importance for corticotroph tumorigenesis.
Overall, 75% of corticotrophinomas express EGFR [136]. The strongest positivity for EGFR and
its phosphorylated form was found in corticotrophinomas and associated with p27 down-
regulation [137]. Recently, nuclear localization of EGFR was observed in human and canine
corticotrophinomas and associated with increased POMC transcription, whereas inhibition of
EGFR tyrosine kinase activity by gefitinib decreased hormone secretion and cell proliferation
in vitro and in vivo [138]. More than 50% of GH- and/or PRL-secreting PA also express EGFR
[136]. However, the role of EGFR signalling in these tumours is less clearcut. EGF enhances
the proliferation of lactotrophs and PRL transcription and TGFα has been involved in estrogen-
related lactotroph proliferation. On the other hand, EGF is able to induce lactotroph differen‐
tiation in GH3 cells, with a decrease in GH secretion, an increase in PRL secretion and an
induction of D2R expression, with conflicting data reported on cell proliferation. Gefitinib was
found to decrease cell proliferation of GH3 cells, with a reduction in PRL and an increase in
GH secretion, respectively [139]. The dual EGFR/HER2 tyrosine kinase inhibitor lapatinib
showed similar or stronger effects on GH3 cells, attenuated the effects of estrogens in estrogen-
induced prolactinomas in vivo and suppressed PRL secretion from human prolactinomas in
vitro [138]. Interestingly, EGFR expression was positively correlated with p27 immunostaining
in somatotrophinomas [137]. The role of EGFR signalling in NFPA has not been extensively
studied yet. NGF is the best characterized neurotrophin in the pituitary and NGF signalling
is mediated by TrkA and p75NTR, a member of the TNF receptor superfamily. All Trk receptors
have been observed in the normal pituitary and in PA [140]. NGF plays a role in lactotroph
differentiation and in the stress-related stimulation of corticotroph function, and escape to
NGF control has been involved in the pathogenesis of prolactinomas. NGF induces lactotroph
differentiation of GH3 cells similarly to EGF, exerts autocrine anti-proliferative actions on

New Insights in the Pathogenesis of Pituitary Tumours
http://dx.doi.org/10.5772/56028

49



6. Dysregulated cell growth and survival in pituitary tumours

Alterations in cell cycle control and imbalance between cell proliferation and apoptosis are
general mechanisms in tumours. Such alterations may be driven by abnormal extracellular
signalling and/or abnormal intracellular responses to extracellular signals, including constit‐
utive activation of proliferative pathways and/or escape to normal regulatory signals.

6.1. Extracellular signalling in PA

In addition to neuropeptides, pituitary cells depend on extracellular signalling from the
extracellular matrix, a variety of growth factors (GFs) and peripheral hormones secreted by
target glands. Extracellular signalling molecules are involved in a complex network of
paracrine and autocrine pathways, which are tightly regulated in the developing and adult
pituitary [125]. Cell-to-cell signalling regulates pituitary hormone secretion, cell differentia‐
tion, growth, survival and plasticity, as well as angiogenesis. Abnormal signalling may
therefore participate in pituitary tumorigenesis.

6.1.1. Growth factors and cytokines

The pituitary gland is an abundant source of GFs, in particular the FGF, EGF and VEGF
families, and cytokines (the TGFβ family, interleukins and chemokines) [19,125]. Due to the
abundant literature in this field, we will present an overview of the best studied GFs and
related pathways in PA. FGFs play an important role in pituitary development. FGFs include
>20 members and FGF signalling is mediated by 4 FGF receptors (FGFR1-4), with different
isoforms (cell-bound, secreted, truncated) generated by alternative splicing. FGFs and FGFRs
are involved in proliferative and anti-proliferative signals. The heparin-binding secretory
transforming (hst) gene encoding FGF4, was first identified in prolactinomas, with strong FGF4
immunostaining being correlated with tumour invasiveness [127]. A tumour specific N-
terminally truncated FGFR4 (ptdFGFR4), characterized by an exclusive intracellular localiza‐
tion and constitutive phosphorylation, was also identified in PA of different histotypes and
proven to be tumorigenic in vitro and in vivo [128]. FGF2 has been involved in the pathogenesis
of estrogen-induced experimental prolactinomas [129]. In contrast, signalling through the
FGFR2 by FGF7 has anti-proliferative effects and down-regulation of FGFR2 has been reported
in a subset of PA, in particular prolactinomas [130]. The TGFβ superfamily includes several
members (TGFβ1-3, activin/inhibins and BMPs), which may exert either collaborative or
opposing signalling on different pituitary cells and PA histotypes. TGFβ signalling is mediated
by Smad proteins and generally inhibits cell proliferation. All TGFβ isoforms and their receptor
TGFβ-R-II are expressed in PA, and TGFβ inhibits estrogen-induced lactotroph proliferation
and PRL secretion [131]. Activin normally increases the synthesis of FSH while inhibiting that
of PRL, GH and ACTH and exerts anti-proliferative effects on lactotrophs and prolactinoma
cells [132]. Truncated activin receptors (Alk4) have been reported in PA, with a dominant effect
opposing the antiproliferative effects of activin [133]. Inactivation of menin also blocks the anti-
proliferative effects of TGFβ and activin on lactotrophs [132]. In contrast, BMP4 promotes the
proliferation of GH/PRL-secreting cells and the development of prolactinomas, while inhibit‐
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ing the proliferation of corticotrophs [134]. Accordingly, BMP4 is up-regulated in prolactino‐
mas and down-regulated in corticotrophinomas [19]. Interestingly, BMP4 is down-regulated
by DA in prolactinomas [108]. Other cytokines produced by the pituitary gland include
interleukin 1 (IL1) 1 and TNFα, leukemia inhibitory factor (LIF), macrophage migration
inhibitory factor (MIF), interferon γ, interleukins 2 (IL2) and 6 (IL6), which potential role in
PA has not been extensively studied [131]. An increasing attention has been paid to IL6, which
is normally produced by FCS cells but is secreted by tumour cells in PA, where it has been
involved in cell proliferation, angiogenesis and oncogene-induced senescence [131]. Chemo‐
kines have also been increasingly involved in ontogenesis and cancer. The chemokine receptor
CXCR4 is expressed in the normal pituitary and its ligand, the Stromal-cell Derived Factor
SDF1/CXCL12, was found to increase GH/PRL secretion and cell proliferation in GH4C1 cells.
An overexpression of CXCR4 and, to a lower extent, SDF1, has been reported in somatotro‐
phinomas and NFPA [135]. EGF expression has been observed at all stages of pituitary
development and in the adult pituitary, and the EGFR pathway contributes to pituitary
physiology and tumorigenesis [136]. It is involved in the control of corticotroph and gonado‐
troph functions at both hypothalamic and pituitary levels and modulates hormone secretion
and proliferation in GH/PRL-secreting cells. More than 60% of PA, in particular the secreting
histotypes, have been shown to express EGFR by different techniques, whereas ErB2 was found
in ~30% of PA, especially in NFPA [136]. Both have been positively correlated with tumour
invasiveness. The EGFR pathway is of particular importance for corticotroph tumorigenesis.
Overall, 75% of corticotrophinomas express EGFR [136]. The strongest positivity for EGFR and
its phosphorylated form was found in corticotrophinomas and associated with p27 down-
regulation [137]. Recently, nuclear localization of EGFR was observed in human and canine
corticotrophinomas and associated with increased POMC transcription, whereas inhibition of
EGFR tyrosine kinase activity by gefitinib decreased hormone secretion and cell proliferation
in vitro and in vivo [138]. More than 50% of GH- and/or PRL-secreting PA also express EGFR
[136]. However, the role of EGFR signalling in these tumours is less clearcut. EGF enhances
the proliferation of lactotrophs and PRL transcription and TGFα has been involved in estrogen-
related lactotroph proliferation. On the other hand, EGF is able to induce lactotroph differen‐
tiation in GH3 cells, with a decrease in GH secretion, an increase in PRL secretion and an
induction of D2R expression, with conflicting data reported on cell proliferation. Gefitinib was
found to decrease cell proliferation of GH3 cells, with a reduction in PRL and an increase in
GH secretion, respectively [139]. The dual EGFR/HER2 tyrosine kinase inhibitor lapatinib
showed similar or stronger effects on GH3 cells, attenuated the effects of estrogens in estrogen-
induced prolactinomas in vivo and suppressed PRL secretion from human prolactinomas in
vitro [138]. Interestingly, EGFR expression was positively correlated with p27 immunostaining
in somatotrophinomas [137]. The role of EGFR signalling in NFPA has not been extensively
studied yet. NGF is the best characterized neurotrophin in the pituitary and NGF signalling
is mediated by TrkA and p75NTR, a member of the TNF receptor superfamily. All Trk receptors
have been observed in the normal pituitary and in PA [140]. NGF plays a role in lactotroph
differentiation and in the stress-related stimulation of corticotroph function, and escape to
NGF control has been involved in the pathogenesis of prolactinomas. NGF induces lactotroph
differentiation of GH3 cells similarly to EGF, exerts autocrine anti-proliferative actions on
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prolactinoma cells and loss of NGF expression in prolactinomas has been linked to low D2R
expression and pharmacological resistance [141]. The VEGF is a family of angiogenic factors
composed by 6 members, including VEGFA (also known as VEGF), which effects are mediated
by two tyrosine kinase receptors (VEGFR1 and KDR/Flk-1/VEGFR2). VEGF and its receptors
are differentially expressed in normal pituitary cells and in PA [142]. In particular, VEGF and
KDR are markedly upregulated in NFPA. Overexpression of VEGF and KDR mRNAs in PA
was recently associated with extrasellar growth and a shorter recurrence-free survival,
respectively [143].

6.1.2. Steroid hormones

Steroid  hormones  may  play  an  important  role  in  pituitary  tumorigenesis.  The  best
characterized  model  is  represented  by  estrogen-induced  lactotroph  hyperplasia  and
prolactinomas.  Estrogen-induced  lactotroph  hyperplasia  occurs  physiologically  during
pregnancy, but sustained estrogen exposure may lead to prolactinomas in some strains of
rats.  Although  evidence  for  estrogen-induced  prolactinomas  in  humans  is  very  poor,
prolactinoma  growth  and/or  intra-tumoral  hemorrhage  may  occur  during  pregnancy,
especially  in  macroprolactinomas  [144].  Among  PA,  prolactinomas  express  the  higher
concentration  of  ER  [145]  and  estrogens  can  increase  PA  cell  proliferation  in  primary
culture [146]. Importantly, ERα and ERβ play distinct roles and an imbalance between these
two isoforms has been reported in PA. Indeed, nuclear overexpression of ERα has been
linked to tumour aggressiveness in prolactinomas and NFPA, whereas invasive NFPA were
found to express lower ERβ [147]. Ablation of ERβ in mice was also associated with the
development  of  invasive  gonadotrophinomas  in  females  [148].  Estrogens  exert  multiple
effects on pituitary cells, especially on lactotrophs. They enhance the transcription of the
PRL gene, as well as PTTG and genes encoding other growth-promoting proteins, such as
c-myc  and GFs [149]. Based on the comparison of microarray profiles obtained in human
prolactinomas and in estrogen-induced rat prolactinomas, a common set of genes has been
identified, supporting a major role for E2F1, c-myc and Igf1 in their pathogenesis [92]. GFs
have  been  involved  in  an  interplay  between  FCS  and  lactotrophs,  with  the  estrogen-
induced  increase  in  TGF-β3  secretion  by  lactotrophs  being  proposed  to  stimulate  FGF
release by FCS cells, which in turn stimulate latotroph proliferation. Estrogens also increase
the  secretion  of  VEGF  and  FGF2,  thereby  enhancing  angiogenesis.  Indeed,  estrogen-
induced prolactinomas are strongly vascularised, spontaneous hemorrhage may occur, and
high ER concentrations were found in hemorrhagic PA [145]. In contrast, estrogens inhibit
the secretion of the anti-proliferative TGFβ1 and TGFβ2 [150].  Finally, estrogens contrib‐
ute to reduce the inhibitory effects of dopamine on lactotrophs, in part by favouring the
expression  of  the  long  form  of  D2R  [150].  Noteworthy,  estrogens  are  also  involved  in
pituitary plasticity, and a pro-apoptic role of estrogens through membrane ERs and TNF/
TNFR1 has been involved in lactotroph cells  renewal during the estrous cycle [151,152].
Other gonadal steroids may play a role in PA, since receptors for androgens and progester‐
one may also be expressed in PA and associated with the modulation of their prolifera‐
tion by their relative agonists in vitro [145,146]. Lack of steroid feed-back on pituitary cells
can  also  be  involved  in  pituitary  tumorigenesis,  but  as  already  mentioned,  true  “feed-
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back”  gonadotroph  PA  are  very  rare.  The  potentially  aggressive  Nelson’s  syndrome,
defined  by  corticotrophinoma  growth  after  bilateral  surrenalectomy  for  Cushing’s  dis‐
ease, provides indirect evidence that glucocorticoid excess previously contributed to control
cell  proliferation.  However,  different  degrees  of  impaired  glucocorticoid  feedback  are
observed in Cushing's and Nelson’s tumours. A glucocorticoid-receptor (GR) mutation that
diminished glucocorticoid inhibition has been reported in a single Nelson’s tumour,  but
GRs  are  generally  overexpressed  in  corticotrophinomas,  and  at  the  moment  the  best
candidates for glucocorticoid resistance are Bgr1 and HDAC2, which are involved in the
GR-dependent repression of POMC and are deficient in about 50% of corticotroph PA [153].
Bgr1  is  a  tumour suppressor  and loss  of  nuclear  Bgr1  has  been associated with  loss  of
p27Kip1 expression [153].

6.1.3. Adhesion molecules

Adhesion molecules are important to maintain cell-to-cell contact and a normal cell morphol‐
ogy and tissue architecture. Similarly to other epithelial tumours, PA may develop some
degree of epithelial-to-mesenchymal transition, which is associated with loss of cell adherence
and tumour aggressiveness. The N- and C-cadherins are involved in pituitary development
and in the organization of the adult pituitary into a functional network involving FCS cells
[154]. E-cadherin has been largely recognized as a TSG in the pituitary. Reduced E-cadherin
expression was first associated with an aggressive behavior in prolactinomas [155]. Subse‐
quently, downregulation of the E-cadherin gene (CDH1) and decreased E-cadherin expression
has been reported in different PA phenotypes. The reduced expression of E-cadherin was
associated with its redistribution from the cell membrane to the nucleus in invasive tumours
[156]. Similar findings were recently reported in a large series of somatotrophinomas [157]. In
this latter study, pre-operative treatment with SSA was associated with increased E-cadherin
expression, although its nuclear localization correlated negatively with tumour shrinkage
[157]. A positive association between reduced E-cadherin expression, increased nuclear E-
cadherin and tumour aggressiveness has also been reported in corticotrophinomas, with a
gradual decrease from micro- to macro-adenomas and Nelson’s tumours [158]. Neural
adhesion molecules (NCAMs) can be modified by polysialation. Polysialated NCAMs, which
are implicated in cell proliferation and migration, have been involved in pituitary tumour
invasiveness [91,159].

6.2. Abnormalities in cell cycle control

The main positive regulators of the cell cycle are the cyclin dependent kinases (CDKs), which
are activated by specific associations with cyclins (A, B, D, E). The progression through the
different phases of the cell cycle, in particular the G1/S and G2/M transitions, are stimulated by
cyclin/CDK complexes and suppressed by their inhibitors, CKIs. The latter are divided into
the INK4 family (p16Ink4a, p15Ink4b, p18Ink4c), which negatively regulates the G1/S transition
through a direct interaction with the CDK4/6 containing complexes, and the so-called “uni‐
versal” Cip/Kip family (p21Cip1, p27Kip1, p57Kip2), which is involved at various phases of the cell
cycle by interacting with different cyclin/CDK complexes. Down-regulation of cell cycle
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pituitary plasticity, and a pro-apoptic role of estrogens through membrane ERs and TNF/
TNFR1 has been involved in lactotroph cells  renewal during the estrous cycle [151,152].
Other gonadal steroids may play a role in PA, since receptors for androgens and progester‐
one may also be expressed in PA and associated with the modulation of their prolifera‐
tion by their relative agonists in vitro [145,146]. Lack of steroid feed-back on pituitary cells
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p27Kip1 expression [153].

6.1.3. Adhesion molecules

Adhesion molecules are important to maintain cell-to-cell contact and a normal cell morphol‐
ogy and tissue architecture. Similarly to other epithelial tumours, PA may develop some
degree of epithelial-to-mesenchymal transition, which is associated with loss of cell adherence
and tumour aggressiveness. The N- and C-cadherins are involved in pituitary development
and in the organization of the adult pituitary into a functional network involving FCS cells
[154]. E-cadherin has been largely recognized as a TSG in the pituitary. Reduced E-cadherin
expression was first associated with an aggressive behavior in prolactinomas [155]. Subse‐
quently, downregulation of the E-cadherin gene (CDH1) and decreased E-cadherin expression
has been reported in different PA phenotypes. The reduced expression of E-cadherin was
associated with its redistribution from the cell membrane to the nucleus in invasive tumours
[156]. Similar findings were recently reported in a large series of somatotrophinomas [157]. In
this latter study, pre-operative treatment with SSA was associated with increased E-cadherin
expression, although its nuclear localization correlated negatively with tumour shrinkage
[157]. A positive association between reduced E-cadherin expression, increased nuclear E-
cadherin and tumour aggressiveness has also been reported in corticotrophinomas, with a
gradual decrease from micro- to macro-adenomas and Nelson’s tumours [158]. Neural
adhesion molecules (NCAMs) can be modified by polysialation. Polysialated NCAMs, which
are implicated in cell proliferation and migration, have been involved in pituitary tumour
invasiveness [91,159].

6.2. Abnormalities in cell cycle control

The main positive regulators of the cell cycle are the cyclin dependent kinases (CDKs), which
are activated by specific associations with cyclins (A, B, D, E). The progression through the
different phases of the cell cycle, in particular the G1/S and G2/M transitions, are stimulated by
cyclin/CDK complexes and suppressed by their inhibitors, CKIs. The latter are divided into
the INK4 family (p16Ink4a, p15Ink4b, p18Ink4c), which negatively regulates the G1/S transition
through a direct interaction with the CDK4/6 containing complexes, and the so-called “uni‐
versal” Cip/Kip family (p21Cip1, p27Kip1, p57Kip2), which is involved at various phases of the cell
cycle by interacting with different cyclin/CDK complexes. Down-regulation of cell cycle
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inhibitors (eg CKIs, pRB) and overexpression of molecules involved in cell cycle progression
(eg. cyclins, PTTG and HMGA proteins) are among the best characterised mechanisms of
pituitary tumorigenesis [160]. The pituitary phenotype associated with genetic alterations in
cell cycle regulators has been studied in several mouse models, including double mutants
[160]. Some of the best characterized molecules involved in the dysregulation of cell cycle in
PA are illustrated in Figure 1

Figure 1. Cell cycle dysregulation in pituitary tumours

6.2.1. Abnormalities in cell cycle progression

Increased expression of D-type cyclins is a key event in the exit from the quiescent G0 state
under mitogenic stimulation by GFs. They activate CDK4 and CDK6, which phosphorylate
pRB and therefore indirectly induce the transcription of S-phase genes by releasing TFs of the
E2F family from their interaction with pRB. Transition from late G1 to the S phase is also driven
by Cyclin E/ CDK2 complexes. Overexpression of cyclins D1 and D3 has been reported in PA
of different histotypes [160]. In particular, Cyclin D1 is overexpressed in ~70% of NFPA and
40% of somatotrophinomas, especially in invasive PA, with allelic imbalance suggesting gene
amplification in 25% of the cases [161]. Increased GFs and Wnt/β-catenin signalling is also
likely to contribute to CCDN1/cyclinD1 expression in PA. In contrast, cyclin E overexpression
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has been mostly reported in corticotrophinomas, where it has recently been correlated with
the loss of Bgr1 expression [162]. Overexpression of Cyclin E under the control of the POMC
promoter in transgenic mice was shown to promote re-entry in the cell cycle and centrosome
instability [162]. CDK4 is involved in pituitary ontogenesis. Although PA may develop in the
anterior lobe of transgenic mice expressing a CDK4 missense mutation (R24C), which inhibits
its interaction with INK4 proteins, it does not appear to play a major role in human PA. The
tumour suppressor function of pRB in the pituitary has long been recognized in rodents, with
pRB+/- mice developing tumours of the intermediate lobe. In humans, loss of pRB expression
in PA mainly occurs through LOH in 13q14 or promoter methylation, especially in invasive
PA, though homozygous deletions in the protein-binding pocket can be found [90]. Reduced
expression of the INK4 family members of CKIs - p16Ink4a and, to a lesser extent, p15 Ink4b, which
are encoded by adjacent genes in 9p21 - has been frequently reported in PA and methylation
of the CDKN2A/p16 Ink4a gene promoter is considered as a precocious event [160]. Overall,
abnormalities of the cyclinD/pRb/p16 Ink4a pathway have been reported in 93% of NFPA and
56% of somatotrophinomas [163]. The role of p18In4c in pituitary tumorigenesis has been shown
in mouse models. A reduced expression of p18In4c has been observed in a subset of PA, due to
promoter methylation or, less frequently, LOH at the corresponding locus [164]. The CDKN2C/
p18In4c gene is a target of menin and p18In4c collaborates with menin to suppress pituitary
tumorigenesis. Although failure to adequately control cell cycling at G1/S transition is consid‐
ered as a mandatory step in tumorigenesis, loss of adequate control of the G2/M transition
represents an important additional event [165]. In particular, DNA damage can induce G2

arrest as a result of the activation of ATR and ATM kinases, which activate p53-dependent and
-independent intracellular cascades [165]. A reduced expression of Wee1, which induces an
inhibiting phosphorylation of Cdk1 and therefore contributes to prevent G2/M progression,
has been reported in somatotrophinomas and NFPA [109]. An increased expression of Cyclin
A has been reported in PA of different histotypes [160] and similar findings were reported for
Cyclin B1 and B2, especially in prolactinomas [166,167]. Genes induced by p53 upon genotoxic
stress include GADD45, p21 and Reprimo. GADD45γ is strongly down-regulated in most PA
[168] and GADD45β has been identified as a TSG in gonadotrophinomas [169]. Reprimo has
also been recently characterized as a pituitary TSG, especially in gonadotroph and somato‐
troph tumours [93]. Down-regulation of universal CKIs and upregulation of PTTG and
HMGAs may contribute to cell cycle dysregulation at different stages.

6.2.2. The universal Cip/kip CDKI family

Both p27Kip1 and p21Cip1/Waf1 have been involved in pituitary tumorigenesis. The p27Kip1 protein
is normally localized in the nucleus of quiescent cells and undergoes rapid degradation upon
mitogenic stimulation. Phosphorylation of p27Kip1 is involved in its degradation through the
ubiquitin/proteasome pathway. Loss of nuclear p27 Kip1 due to a reduced expression or an
abnormal cytoplasmic localization has a negative prognostic value in a variety of human
neoplasia. CDKN1B/ p27Kip1 is a haploinsufficient gene. In mice, both heterozygous and
homozygous ablation of the CDKN1B gene induce pituitary tumours of the intermediate lobe
and a collaborative effect with cyclin E up-regulation has been reported [162]. As reported
hitherto, germline CDKN1B gene mutations are associated with MEN1-like syndromes (MEN4
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in humans) [64], but this is a very rare condition. Down-regulation of p27Kip1 has been reported
in human PA, especially in corticotrophinomas and in pituitary carcinomas, due to an
increased protein phosphorylation and degradation, with no significant alterations in
CDKN1B transcripts. Of note, p27Kip1 expression may be enhanced by other pituitary TSGs,
such as E-cadherin [170] or menin [51], and by SSA in somatotrophinomas [171]. Another
member of the Cip/Kip family, p21Cip1/Waf1, is a target of p53 and induces growth arrest,
essentially at the G1/S transition but also in G2/S. It may also be induced by oncogenes such as
PTTG and Ras. The role of p21Cip1/ in tumorigenesis is complex, since it may also have anti-
apoptotic properties, depending on its subcellular localization [172]. Indeed, nuclear p21Cip1

represses the transcriptional activity of E2F1, STAT3 and c-myc, whereas cytoplasmic p21Cip1

binds to and inhibits pro-apoptotic molecules such as pro-caspase 3 and caspase 8 [172]. In the
pituitary, the best characterized effects of p21Cip1 are growth arrest and senescence. Using
double and triple knock-out mice models for pRb+/-, PTTG-/- and/or p21-/-, p21 ablation was
shown to restore tumorigenesis – induced by pRb+/- and abolished by PTTG-/- knock-out - and
accelerate S-phase entry [173]. As already reported, germline CDKN1A/ p21Cip1 mutations have
been occasionally involved in MEN1-like syndromes [66]. Nuclear 21Cip1 immunostaining has
been reported in secreting PA, especially somatotrophinomas [174,175]. Similar data were
obtained in a recent study, which also reported a frequent cytoplasmic localization in pituitary
tumours, especially NFPA and pituitary carcinomas, but not in somatotrophinomas [176].

6.2.3. PTTG

Although PTTG1 – the most abundant and widely studied member of the PTTG family,
commonly referred to as PTTG - was first identified in the rat pituitary GH4 cells, it has
important oncogenic properties in a number of additional endocrine and non-endocrine
neoplasia and cells overexpressing PTTG are tumorigenic in vivo. The biological functions of
PTTG are highly complex and derive from important functional domains among which DNA-
binding, SH3-binding and transactivating domains. Both nuclear and cytoplasmic localiza‐
tions can be observed, nuclear shuttling being enhanced by the ubiquitous PTTG-binding
protein (PBF) and by MAP kinases [177]. As a nuclear protein, PTTG has a dual role: it acts as
a global TF - enhancing gene transcription either directly through binding DNA at specific
promoter sites or indirectly through an interaction with other TFs - and as a securin protein -
inhibiting premature separation of sister chromatids during mitosis –. PTTG functions,
partners and target genes have been recently reviewed [177,178]. The securin function of PTTG
is in appearent contrast with its oncogenic properties, and the multifaceted aspects of PTTG
are illustrated by accumulating evidence for PTTG involvement in organ development, cell
proliferation, survival and/or apoptosis, according to the experimental model and conditions.
PTTG interacts with Sp1 to control progression through the G1/S phase of the cell cycle and to
suppress p21Cip1 transcription by binding its promoter. The expression of PTTG may be
increased by estrogens and GFs (EGF, FGF2), thereby creating positive feedback loops on cell
proliferation [177]. PTTG expression is cell-cycle-dependent, with protein degradation
occurring at anaphase and, as an estrogen inducible factor, varies according to the estrous cycle
in rodents. PTTG is also involved in the control of genetic stability and angiogenesis. Detailed
reviews are available on this topic [177-179]. In the normal pituitary, PTTG is expressed at low
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levels and is typically undetectable by IHC [177]. PTTG is necessary to pituitary development
and a large body of evidence supports its dual involvement in the initiation and progression
of PA [177,179]. Targeted pituitary overexpression of PTTG under the control of the α-subunit
promoter in transgenic mice induced multihormonal pituitary hyperplasia with focal gona‐
dotroph and somatotroph PA [180]. PTTG overexpression has been consistently shown to
occur at both transcriptional and protein levels in PA, though conflicting data have been
reported about its subcellular localization. Predominant cytoplasmic localization was first
reported in PA cells [177]. Subsequently, using a monoclonal antibody, nuclear PTTG immu‐
nostaining was observed in 90% of PA of different histotypes and strongly correlated with the
Ki67 labeling index (P<0.001), although the percentage of PTTG immunopositive nuclei was
highly variable from case to case [177]. PTTG expression was also found to correlate with
invasiveness in secreting PA, in particular in somatotrophinomas [177,179]. Yet, no genetic
alterations have been found to explain PTTG overexpression and epigenetic changes [179] or
miRs dysregulation [104] have been proposed.

6.2.4. HMGA proteins

The HMGA family of nuclear proteins - HMGA1a/b/c and HMGA2 - is composed of DNA-
binding molecules involved in the architecture of chromatin and modulates the transcriptional
activity of several TFs. They are widely expressed during embryogenesis, strongly down-
regulated or silenced in normal adult tissues, and commonly re-expressed in solid tumours,
including PA [181,182]. HMGAs are involved in different biological processes such as cell
proliferation, cell differentiation, DNA repair [181] and interfere with the cell cycle in different
ways. HMGA2 interacts with pRB and facilitates the expression of E2F1 target genes through
histone modifications and acetylation of E2F1 itself, thereby promoting the G1/S transition.
HMGAs also enhance the transcription of cyclin B2, which is involved in the G2/M transition.
The critical role of HMGAs in pituitary tumorigenesis has been proven by transgenic HMGA
models, which develop GH/PRL-secreting PA and additional neoplasia (eg, lipomas, fibroa‐
denomas, T-cell lymphomas). HMGA1b and HMGA2 have been recently shown to enhance
Pit1 gene transcription and interact with the Pit1 protein [183]. Overexpression of HMGA2
was reported by IHC in 39% of human PA, in particular in FSH/LH- and ACTH-secreting PA
(>60%), to a lesser extent in prolactinomas (~30%), and significantly associated with tumor
invasion [184]. In contrast, HMGA2 was not detected in the normal pituitary [184]. Similarly,
nuclear immunostaining for HMGA1 was observed in 62% of PA of all histotypes, with a
prevalence ranging from 37% in corticotrophinomas to 100% of null cell PA, but not in the
normal pituitary [185]. Overexpression of HMGA2 in prolactinomas has been explained by
gene amplification and rearrangements of the HMGA2 locus in 12q14-15, with a frequent
polysomy of chromosome 12, but this rarely occurs in NFPA [182,185]. Alternatively, overex‐
pression of HMGA genes could be explained by the down-regulation of let-7 [182] and an
additional set of miRNAs [107, 112], which enforced expression was found to decrease cell
proliferation in pituitary cells [107, 112].
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PTTG are highly complex and derive from important functional domains among which DNA-
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protein (PBF) and by MAP kinases [177]. As a nuclear protein, PTTG has a dual role: it acts as
a global TF - enhancing gene transcription either directly through binding DNA at specific
promoter sites or indirectly through an interaction with other TFs - and as a securin protein -
inhibiting premature separation of sister chromatids during mitosis –. PTTG functions,
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is in appearent contrast with its oncogenic properties, and the multifaceted aspects of PTTG
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levels and is typically undetectable by IHC [177]. PTTG is necessary to pituitary development
and a large body of evidence supports its dual involvement in the initiation and progression
of PA [177,179]. Targeted pituitary overexpression of PTTG under the control of the α-subunit
promoter in transgenic mice induced multihormonal pituitary hyperplasia with focal gona‐
dotroph and somatotroph PA [180]. PTTG overexpression has been consistently shown to
occur at both transcriptional and protein levels in PA, though conflicting data have been
reported about its subcellular localization. Predominant cytoplasmic localization was first
reported in PA cells [177]. Subsequently, using a monoclonal antibody, nuclear PTTG immu‐
nostaining was observed in 90% of PA of different histotypes and strongly correlated with the
Ki67 labeling index (P<0.001), although the percentage of PTTG immunopositive nuclei was
highly variable from case to case [177]. PTTG expression was also found to correlate with
invasiveness in secreting PA, in particular in somatotrophinomas [177,179]. Yet, no genetic
alterations have been found to explain PTTG overexpression and epigenetic changes [179] or
miRs dysregulation [104] have been proposed.

6.2.4. HMGA proteins

The HMGA family of nuclear proteins - HMGA1a/b/c and HMGA2 - is composed of DNA-
binding molecules involved in the architecture of chromatin and modulates the transcriptional
activity of several TFs. They are widely expressed during embryogenesis, strongly down-
regulated or silenced in normal adult tissues, and commonly re-expressed in solid tumours,
including PA [181,182]. HMGAs are involved in different biological processes such as cell
proliferation, cell differentiation, DNA repair [181] and interfere with the cell cycle in different
ways. HMGA2 interacts with pRB and facilitates the expression of E2F1 target genes through
histone modifications and acetylation of E2F1 itself, thereby promoting the G1/S transition.
HMGAs also enhance the transcription of cyclin B2, which is involved in the G2/M transition.
The critical role of HMGAs in pituitary tumorigenesis has been proven by transgenic HMGA
models, which develop GH/PRL-secreting PA and additional neoplasia (eg, lipomas, fibroa‐
denomas, T-cell lymphomas). HMGA1b and HMGA2 have been recently shown to enhance
Pit1 gene transcription and interact with the Pit1 protein [183]. Overexpression of HMGA2
was reported by IHC in 39% of human PA, in particular in FSH/LH- and ACTH-secreting PA
(>60%), to a lesser extent in prolactinomas (~30%), and significantly associated with tumor
invasion [184]. In contrast, HMGA2 was not detected in the normal pituitary [184]. Similarly,
nuclear immunostaining for HMGA1 was observed in 62% of PA of all histotypes, with a
prevalence ranging from 37% in corticotrophinomas to 100% of null cell PA, but not in the
normal pituitary [185]. Overexpression of HMGA2 in prolactinomas has been explained by
gene amplification and rearrangements of the HMGA2 locus in 12q14-15, with a frequent
polysomy of chromosome 12, but this rarely occurs in NFPA [182,185]. Alternatively, overex‐
pression of HMGA genes could be explained by the down-regulation of let-7 [182] and an
additional set of miRNAs [107, 112], which enforced expression was found to decrease cell
proliferation in pituitary cells [107, 112].
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6.3. Abnormal proliferative pathways in pituitary tumours

The Raf/MEK/ERK and PI3K/Akt/mTor pathways are typically activated by GFs but crosstalks
with neuropeptide/GPCRs signalling pathways are being increasingly recognized [186].
Crosstalks between the Raf/MEK/ERK and PI3K/Akt/mTor pathways result in the modulation
of ERK1/2 activity, which is involved in the regulation of cell growth and differentiation,
depending on the cellular context, and represents an important proliferative pathway in
cancer. Secondary activation of mTOR signalling represents an important link between cell
proliferation and metabolism [187]. These pathways are essential in oncology, many drugs
have been designed to target their effector molecules at different steps [188] and similar
strategies may be of interest in selected PA [189,190].

6.3.1. The Ras/Raf/MEK/ERK pathway

The Ras/Raf/MEK/ERK pathway originates at the cell membrane with receptors for GFs or
cytokines, which activate the GTPAse Ras protein family through the coupling complex Shc/
Grb2/SOS. The active, GTP bound, form of Ras recruits Raf proteins, which in turn activate a
cascade of phosphorylations on cytoplasmic MAP kinases (MEKs and ERKs). A large number
of cytoplasmic and nuclear proteins have been recognized as ERK1/2 targets, including the
ribosomal S6 kinase (which in turns phosphorylates CREB), TFs (eg. c-myc, c-fos) and Cyclin
D1. Activation of the Ras/Raf/MEK/ERK pathway in PA may result from increased stimulation
by GFs/cytokines, overexpression or constitutive activation of their receptors, overexpression
of B-Raf [191], exceptionally H-Ras [88] or B-Raf mutations [87]. Noteworthy, overexpression
of B-Raf and a V600E mutation were found only in NFPA [87,191]. In an extensive western
blot study, an over-phosphorylation of MEK1/2 and ERK1/2 was observed in all PA histotypes,
although CyclinD1 was overexpressed in NFPA only [192]. GPCRs may activate Raf through
the cAMP/PKA or the DAG/PKC pathways and therefore induce ERK1/2 phosphorylation.
There is accumulating evidence that such mechanisms are relevant in different pituitary cells:
ERKs have been involved in CRH-induced POMC transcription in AtT20 cells [193], gender-
specific regulation of gonadotrophs by GnRH [194], GHRH induced expression of Cyclin D1
in somatotrophs [189] and the stimulation of PRL promoter activity by the Gsp oncogene in
GH4C1 cells [195]. In contrast, reduced ERK1/2 activation has been involved in SSA signalling
in somatotrophinomas [172].

6.3.2. The PI3K/Akt/mTOR pathway

The PI3K/AKT/mTOR pathway also initiates at the cell membrane in response to a variety of
GFs and hormones, including insulin. PI3K phosphorylates phosphoinositides, resulting in
the production of phosphoinositide 3-phosphate which in turn regulates the activity and
intracellular localization of a number of target proteins, among which the best characterized
is Akt (also known as Protein Kinase B/PKB). PI3K is negatively regulated by the tumour
suppressor PTEN. The activation of Akt/PKB results in a cascade of phosphorylations,
including mTOR, GSK3β, crosstalks with the Raf/MEK/ERK pathway at different levels, and
has been involved in cell proliferation and motility in a number of cancers. Moreover,
repression of the tumour suppressor Zac1 and activation of β-catenin through GSK3β are
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indirect effects of PI3K/Akt activation. The mTOR pathway is also activated by nutrients,
cellular energy levels (ATP, O2) and stress conditions; it is a major regulator of ribosomal
biogenesis and protein synthesis, in particular through the activation of the ribosomal S6
kinase p70S6K and 4EBP1, which enhances the translation of c-myc and Cyclin D1 mRNA [186].
Mutations and amplifications of the PIK3CA gene, encoding the p110 subunit of PI3K, has been
reported in a large series of PA [88]. In this study, PIK3CA mutations were present in nearly
10% of invasive PA, whereas gene amplification, associated with protein immunostaining in
a subset of cases, was found in ~30% of PA, with the highest prevalence in NFPA and no
significant correlation with tumour invasiveness. Both Akt1 and Akt2 isoforms were found
over-expressed and over-phosphorylated in PA, especially in NFPA, with no change in PTEN
expression or sequence [196]. Increased phosphorylation of Akt, mTOR and p70S6K was
reported in a genetic model of TSH-oma [197]. However, no change in mTOR and S6K
expression or phosphorylation status was observed in PA [192]. Zac1, a zinc finger TF, is widely
expressed in normal tissues, down-regulated in a variety of human neoplasia, and induces cell
cycle arrest and apoptosis, at least in part through the induction of p21Kip1 and p57Kip2 [198]. It
is involved in pituitary development and normally expressed by all pituitary cell types, but is
strongly down-regulated in NFPA, where a complete loss of expression can be observed,
especially in the null cell histotype [198]. No Zac1 mutations have been found but epigenetic
silencing is frequent and LOH at the corresponding locus (6q24-25) may occur. Interestingly,
the expression of Zac1 in somatotrophinomas is increased by SSA and correlates with the
therapeutic response [198]. Data obtained in GH3 cells indicate that this effect depends on the
inhibition of PI3K/Akt signalling [198]. Zac1 appears as an essential mediator of SSA [198] and
may be related to AIP [80].

6.4. Angiogenesis and hypoxia-pathways

Although angiogenesis is involved in the progression of many solid tumours, its pathogenetic
role in PA is still not well defined. The normal pituitary gland is already highly vascularised
and different studies on microvessel density (MVD) in PA have provided evidence for a
reduced vascularity as compared to the normal tissue. On the other hand, increased vascularity
can occur, as reported in estrogen-induced prolactinoma models and in some human pituitary
tumours [142]. Despite conflicting results about potential factors associated with an increased
vascularity (eg. age, male gender), most studies suggest that, in contrast to other solid tumours,
there is no correlation between increased vascularity and the proliferative activity of PA
[142,199]. Angiogenesis results from the balance between angiogenic and anti-angiogenic
factors and requires extracellular matrix remodelling to allow the migration of endothelial
cells. Among pituitary pro-angiogenic factors, VEGF and FGFs are the best characterized. Both
VEGF and FGF2 are upregulated by estrogens and PTTG in PA, and correlations have been
reported between the expression of PTTG and both FGF2 and VEGF-A [179].Vascular density
was also associated with PTTG expression in somatotrophinomas [179]. Estrogens down-
regulate thrombospondin, an anti-angiogenic factor also involved in TGFβ signalling and
apoptosis [125], and thrombospondin analogues have recently proven useful in the treatment
of estrogen-induced prolactinomas [200]. In contrast, with the possible exception of gonado‐
trophinomas, the endocrine-gland derived VEGF (EG-VEGF) was found to be down-regulated
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GFs and hormones, including insulin. PI3K phosphorylates phosphoinositides, resulting in
the production of phosphoinositide 3-phosphate which in turn regulates the activity and
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including mTOR, GSK3β, crosstalks with the Raf/MEK/ERK pathway at different levels, and
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indirect effects of PI3K/Akt activation. The mTOR pathway is also activated by nutrients,
cellular energy levels (ATP, O2) and stress conditions; it is a major regulator of ribosomal
biogenesis and protein synthesis, in particular through the activation of the ribosomal S6
kinase p70S6K and 4EBP1, which enhances the translation of c-myc and Cyclin D1 mRNA [186].
Mutations and amplifications of the PIK3CA gene, encoding the p110 subunit of PI3K, has been
reported in a large series of PA [88]. In this study, PIK3CA mutations were present in nearly
10% of invasive PA, whereas gene amplification, associated with protein immunostaining in
a subset of cases, was found in ~30% of PA, with the highest prevalence in NFPA and no
significant correlation with tumour invasiveness. Both Akt1 and Akt2 isoforms were found
over-expressed and over-phosphorylated in PA, especially in NFPA, with no change in PTEN
expression or sequence [196]. Increased phosphorylation of Akt, mTOR and p70S6K was
reported in a genetic model of TSH-oma [197]. However, no change in mTOR and S6K
expression or phosphorylation status was observed in PA [192]. Zac1, a zinc finger TF, is widely
expressed in normal tissues, down-regulated in a variety of human neoplasia, and induces cell
cycle arrest and apoptosis, at least in part through the induction of p21Kip1 and p57Kip2 [198]. It
is involved in pituitary development and normally expressed by all pituitary cell types, but is
strongly down-regulated in NFPA, where a complete loss of expression can be observed,
especially in the null cell histotype [198]. No Zac1 mutations have been found but epigenetic
silencing is frequent and LOH at the corresponding locus (6q24-25) may occur. Interestingly,
the expression of Zac1 in somatotrophinomas is increased by SSA and correlates with the
therapeutic response [198]. Data obtained in GH3 cells indicate that this effect depends on the
inhibition of PI3K/Akt signalling [198]. Zac1 appears as an essential mediator of SSA [198] and
may be related to AIP [80].

6.4. Angiogenesis and hypoxia-pathways

Although angiogenesis is involved in the progression of many solid tumours, its pathogenetic
role in PA is still not well defined. The normal pituitary gland is already highly vascularised
and different studies on microvessel density (MVD) in PA have provided evidence for a
reduced vascularity as compared to the normal tissue. On the other hand, increased vascularity
can occur, as reported in estrogen-induced prolactinoma models and in some human pituitary
tumours [142]. Despite conflicting results about potential factors associated with an increased
vascularity (eg. age, male gender), most studies suggest that, in contrast to other solid tumours,
there is no correlation between increased vascularity and the proliferative activity of PA
[142,199]. Angiogenesis results from the balance between angiogenic and anti-angiogenic
factors and requires extracellular matrix remodelling to allow the migration of endothelial
cells. Among pituitary pro-angiogenic factors, VEGF and FGFs are the best characterized. Both
VEGF and FGF2 are upregulated by estrogens and PTTG in PA, and correlations have been
reported between the expression of PTTG and both FGF2 and VEGF-A [179].Vascular density
was also associated with PTTG expression in somatotrophinomas [179]. Estrogens down-
regulate thrombospondin, an anti-angiogenic factor also involved in TGFβ signalling and
apoptosis [125], and thrombospondin analogues have recently proven useful in the treatment
of estrogen-induced prolactinomas [200]. In contrast, with the possible exception of gonado‐
trophinomas, the endocrine-gland derived VEGF (EG-VEGF) was found to be down-regulated
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in PA [201]. Hypoxia pathways also stimulate angiogenesis, the Hypoxia-Inducible Factor
(HIF)-α being the most important TF involved in the cellular response to hypoxia. Nuclear
HIF-α immunostaining was reported in PA but not in the normal pituitary [202]. HIF-α protects
HP75 cells from apoptosis under hypoxic conditions [203] and is stabilised by RSUME, a
sumoylation factor, which is over-expressed in PA and plays an important role in VEGF-A
induction under hypoxic conditions in pituitary tumour cells [204]. Angiogenesis may favour
hemorrhage, and tumour apoplexy may occur, especially in pituitary macroadenomas.
Hemorrhagic PA were reported to express high levels of VEGF [205, 206] and high ER
concentrations [143]. Overexpression of HIF-α in MMQ cells was found to induce VEGF and
the pro-apoptotic BNIP3 gene and to promote hemorrhagic transformation in MMQ cells
xenografts [207]. TNFα was also found to promote VEGF and MMP-9 expression as well as
tumour hemorrhage in the same model [206]. Interestingly, endoglin (CD105), a marker of
endothelial proliferating cells, was found to be lower in secreting PA treated by SSA or DA
than in untreated PA, indicating that inhibition of angiogenesis contributes to their therapeutic
effect [208]. Anti-VEGF therapy (bevacizumab) has been proposed in experimental models of
estrogen-induced [209] and dopamine-resistant [210] prolactinomas, and has been successfully
used in a pituitary corticotroph carcinoma [211].

6.5. Apoptosis in pituitary tumours

As in other tissues, apoptosis is a physiological event during pituitary ontogenesis [212]. It is
also believed to contribute to pituitary plasticity and may occur in PA, either spontaneously
or in response to pharmacological treatment. Apoptosis is generally low in normal pituitaries
and in PA, but is increased in pituitary carcinomas [213]. Apoptotic cells in PA can be detected
on routine examination on the basis of their morphological changes, though they can be missed
even by experienced pathologists, so that specific assays are more suitable for the definition
of apoptotic indexes [214]. The ISEL and TUNEL assays, which are based on the visualization
of DNA breaks, can be used on paraffin-embedded sections, but should be combined with
morphological criteria to minimize artefacts [214]. Immunohistochemical detection of proteins
involved in the apoptotic process such as activated caspase 3, cleaved cytokeratins or annexin-5
are also useful. As a general rule, apoptosis can be triggered by extra-cellular signalling by Fas
ligand (FasL) or TNF interacting with “death receptors” or by endogenous signalling following
mitochondrial or DNA damage, which is able to induce apoptosis in a p53-dependent manner.
No significant relationship between p53 expression and apoptosis have been reported in PA,
with the exception of nuclear p53 in corticotrophinomas [214]. An important determinant of
apoptosis is the cellular expression of the Bcl2 family of proteins, which contains pro-apoptotic
(eg. Bax, Bad) and anti-apoptotic/pro-survival (eg. Bcl2, Bcl-XL) proteins, which can homo- o
heterodimerize and influence cell fate. Several members of the Bcl2 family are expressed in
PA, although some discrepancies have been reported about their distribution according to
tumour histotype and behaviour [213-215]. Pro-apoptotic signals may be phenotype-depend‐
ent. Fas and FasL have been observed in the rat pituitary, especially in lactotrophs and
somatotrophs, where they have been involved in the increased rate of apoptosis during
proestrous [216], although an estrogen-dependent increase in TNFα and its receptor TNFR1
have also been implicated [151]. FasL is expressed by pituitary tumour cell lines of different
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lineages and Fas signalling was found to induce an arrest in cell proliferation at G0/G1 and
apoptosis in GH3, AtT20 and MMQ cells [217]. GH3 cells also express TNFα and overexpression
of TNFα and FasL could induce apoptosis in these cells [218]. In somatotrophs, RET hetero‐
dimerizes with its co-receptor GFRα2 and induces apoptosis in vivo and in vitro [219]. Pit-1 and
p19ARF (p14ARF in humans) activation have been involved, leading to p53-induced apoptosis
[220]. RET is a dependent receptor and both RET and its ligand GDNF are normally expressed
by somatotrophs [221]. Both have also been reported in all somatotrophinomas and, to a lesser
extent, in other-secreting PA [221]. Interestingly survivin, an anti-apoptotic protein of the IAP
family, interacts with AIP, which enhances its stability in vitro and assists its mitochondrial
import [222], but RET prevents survivin from binding to AIP [223]. Although ablation of RET
induces somatotroph hyperplasia in mice [219], no mutation in c-RET has been reported in PA
yet. Either, no AIP mutant was found to disrupt AIP-survivin interaction [223]. Studies on
survivin expression in PA has lead to conflicting results [224,225]. TIM16 is a mitochondrial
protein encoded by the Magmas gene and overexpressed in the majority of PA, in particular in
corticotroph PA and cell lines, where it has been involved in cell progression and protection
from apoptotic stimuli [226]. The Pituitary Tumour Apoptosis Gene (PTAG), identified by
random PCR analysis of methylated genes in PA, was involved in bromocriptine-induced
apoptosis in AtT20 cells [227]. Pitx2, a developmental pituitary TF involved in Wnt/β-catenin
signalling, is an anti-apoptotic factor in gonadotrophs and is overexpressed in NFPA [228].
Although PTTG overexpression has been shown in different tumour cell lines to promote
apoptosis, in part through p53-mediated mechanisms, it may also inhibit the transcriptional
activity of p53 [177]. The potential role of PTTG in the control of apoptosis in pituitary cells
remains to be further clarified. Several p53-inducible genes have been involved in cell cycle
arrest and apoptosis in PA(eg. GADD45, Reprimo). Drug-induced apoptosis may be part of
the therapeutic response to SSA and DA in PA. DA may induce apoptosis in lactotrophs
through the short isoform of D2R and this effect can be sensitized by estrogens [229]. The
apoptotic response to SSA has been mainly associated with SSTR2 and SSTR3, although the
alternatively spliced variants of SSTR2 may have opposite effects [230].

6.6. Senescence

Senescence is an alternative tumour-suppressive cell faith to apoptosis in benign neoplasia. It
is characterised by an irreversible arrest in cell proliferation and accompanied by an increase
in cell cycle inhibitors such as p53, p19ARF, p21Cip1 and p16Ink4a. Because PA remain typically
benign, even in the presence of invasive features, it has been proposed that a senescence buffer
in PA cells exerts a protective effect against malignancy. This could in particular explain the
very low prevalence of GH-secreting carcinomas and NFPA. Indeed, beta-galactosidase, a
marker of senescence, was recently found overexpressed in somatotrophinomas and NFPA
[176]. Interestingly, this could be explained by different molecular mechanisms. Somatotro‐
phinomas show intranuclear p21 accumulation (possibly induced by aneuploidy and/or p53),
which is able to restrain cell proliferation [176,231]. In gonadotroph PA, which express low
nuclear p21Cip1, high levels of clusterin have been proposed to restrain cell proliferation by
triggering the CKIs p15Ink4b/p16Ink4a/p27Kip1 [232]. However, in both cases overexpression of
PTTG and DNA damage are present [231,232]. Because senescence may also be activated by
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in PA [201]. Hypoxia pathways also stimulate angiogenesis, the Hypoxia-Inducible Factor
(HIF)-α being the most important TF involved in the cellular response to hypoxia. Nuclear
HIF-α immunostaining was reported in PA but not in the normal pituitary [202]. HIF-α protects
HP75 cells from apoptosis under hypoxic conditions [203] and is stabilised by RSUME, a
sumoylation factor, which is over-expressed in PA and plays an important role in VEGF-A
induction under hypoxic conditions in pituitary tumour cells [204]. Angiogenesis may favour
hemorrhage, and tumour apoplexy may occur, especially in pituitary macroadenomas.
Hemorrhagic PA were reported to express high levels of VEGF [205, 206] and high ER
concentrations [143]. Overexpression of HIF-α in MMQ cells was found to induce VEGF and
the pro-apoptotic BNIP3 gene and to promote hemorrhagic transformation in MMQ cells
xenografts [207]. TNFα was also found to promote VEGF and MMP-9 expression as well as
tumour hemorrhage in the same model [206]. Interestingly, endoglin (CD105), a marker of
endothelial proliferating cells, was found to be lower in secreting PA treated by SSA or DA
than in untreated PA, indicating that inhibition of angiogenesis contributes to their therapeutic
effect [208]. Anti-VEGF therapy (bevacizumab) has been proposed in experimental models of
estrogen-induced [209] and dopamine-resistant [210] prolactinomas, and has been successfully
used in a pituitary corticotroph carcinoma [211].

6.5. Apoptosis in pituitary tumours

As in other tissues, apoptosis is a physiological event during pituitary ontogenesis [212]. It is
also believed to contribute to pituitary plasticity and may occur in PA, either spontaneously
or in response to pharmacological treatment. Apoptosis is generally low in normal pituitaries
and in PA, but is increased in pituitary carcinomas [213]. Apoptotic cells in PA can be detected
on routine examination on the basis of their morphological changes, though they can be missed
even by experienced pathologists, so that specific assays are more suitable for the definition
of apoptotic indexes [214]. The ISEL and TUNEL assays, which are based on the visualization
of DNA breaks, can be used on paraffin-embedded sections, but should be combined with
morphological criteria to minimize artefacts [214]. Immunohistochemical detection of proteins
involved in the apoptotic process such as activated caspase 3, cleaved cytokeratins or annexin-5
are also useful. As a general rule, apoptosis can be triggered by extra-cellular signalling by Fas
ligand (FasL) or TNF interacting with “death receptors” or by endogenous signalling following
mitochondrial or DNA damage, which is able to induce apoptosis in a p53-dependent manner.
No significant relationship between p53 expression and apoptosis have been reported in PA,
with the exception of nuclear p53 in corticotrophinomas [214]. An important determinant of
apoptosis is the cellular expression of the Bcl2 family of proteins, which contains pro-apoptotic
(eg. Bax, Bad) and anti-apoptotic/pro-survival (eg. Bcl2, Bcl-XL) proteins, which can homo- o
heterodimerize and influence cell fate. Several members of the Bcl2 family are expressed in
PA, although some discrepancies have been reported about their distribution according to
tumour histotype and behaviour [213-215]. Pro-apoptotic signals may be phenotype-depend‐
ent. Fas and FasL have been observed in the rat pituitary, especially in lactotrophs and
somatotrophs, where they have been involved in the increased rate of apoptosis during
proestrous [216], although an estrogen-dependent increase in TNFα and its receptor TNFR1
have also been implicated [151]. FasL is expressed by pituitary tumour cell lines of different
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lineages and Fas signalling was found to induce an arrest in cell proliferation at G0/G1 and
apoptosis in GH3, AtT20 and MMQ cells [217]. GH3 cells also express TNFα and overexpression
of TNFα and FasL could induce apoptosis in these cells [218]. In somatotrophs, RET hetero‐
dimerizes with its co-receptor GFRα2 and induces apoptosis in vivo and in vitro [219]. Pit-1 and
p19ARF (p14ARF in humans) activation have been involved, leading to p53-induced apoptosis
[220]. RET is a dependent receptor and both RET and its ligand GDNF are normally expressed
by somatotrophs [221]. Both have also been reported in all somatotrophinomas and, to a lesser
extent, in other-secreting PA [221]. Interestingly survivin, an anti-apoptotic protein of the IAP
family, interacts with AIP, which enhances its stability in vitro and assists its mitochondrial
import [222], but RET prevents survivin from binding to AIP [223]. Although ablation of RET
induces somatotroph hyperplasia in mice [219], no mutation in c-RET has been reported in PA
yet. Either, no AIP mutant was found to disrupt AIP-survivin interaction [223]. Studies on
survivin expression in PA has lead to conflicting results [224,225]. TIM16 is a mitochondrial
protein encoded by the Magmas gene and overexpressed in the majority of PA, in particular in
corticotroph PA and cell lines, where it has been involved in cell progression and protection
from apoptotic stimuli [226]. The Pituitary Tumour Apoptosis Gene (PTAG), identified by
random PCR analysis of methylated genes in PA, was involved in bromocriptine-induced
apoptosis in AtT20 cells [227]. Pitx2, a developmental pituitary TF involved in Wnt/β-catenin
signalling, is an anti-apoptotic factor in gonadotrophs and is overexpressed in NFPA [228].
Although PTTG overexpression has been shown in different tumour cell lines to promote
apoptosis, in part through p53-mediated mechanisms, it may also inhibit the transcriptional
activity of p53 [177]. The potential role of PTTG in the control of apoptosis in pituitary cells
remains to be further clarified. Several p53-inducible genes have been involved in cell cycle
arrest and apoptosis in PA(eg. GADD45, Reprimo). Drug-induced apoptosis may be part of
the therapeutic response to SSA and DA in PA. DA may induce apoptosis in lactotrophs
through the short isoform of D2R and this effect can be sensitized by estrogens [229]. The
apoptotic response to SSA has been mainly associated with SSTR2 and SSTR3, although the
alternatively spliced variants of SSTR2 may have opposite effects [230].

6.6. Senescence

Senescence is an alternative tumour-suppressive cell faith to apoptosis in benign neoplasia. It
is characterised by an irreversible arrest in cell proliferation and accompanied by an increase
in cell cycle inhibitors such as p53, p19ARF, p21Cip1 and p16Ink4a. Because PA remain typically
benign, even in the presence of invasive features, it has been proposed that a senescence buffer
in PA cells exerts a protective effect against malignancy. This could in particular explain the
very low prevalence of GH-secreting carcinomas and NFPA. Indeed, beta-galactosidase, a
marker of senescence, was recently found overexpressed in somatotrophinomas and NFPA
[176]. Interestingly, this could be explained by different molecular mechanisms. Somatotro‐
phinomas show intranuclear p21 accumulation (possibly induced by aneuploidy and/or p53),
which is able to restrain cell proliferation [176,231]. In gonadotroph PA, which express low
nuclear p21Cip1, high levels of clusterin have been proposed to restrain cell proliferation by
triggering the CKIs p15Ink4b/p16Ink4a/p27Kip1 [232]. However, in both cases overexpression of
PTTG and DNA damage are present [231,232]. Because senescence may also be activated by
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oncogenes, as originally described for Ras, this may apply to PTTG in pituitary tumours.
Oncogene-induced senescence (OIS) is a protective mechanism against cancer which may also
involve cytokines. Due to its role in pituitary development and its frequent expression in PA,
IL6 is an attractive candidate for OIS in PA [131].

7. Pituitary carcinomas

Pituitary carcinomas represent about 0.2% of symptomatic primary pituitary tumours and
are  defined  exclusively  by  the  presence  of  metastases.  Their  prevalence  may  be  some‐
what underestimated, since metastases can be discovered post-mortem and the number of
reported  cases  has  been  significantly  increasing  during  the  last  15  years  [233-235].  The
current interest in pituitary carcinomas certainly reflects the recent improvements in their
diagnosis and therapeutic management. Their clinical characteristics have been reviewed
in details elsewhere [233-236]. Briefly, most pituitary carcinomas are secreting (>80%), with
malignant prolactinomas and corticotrophinomas being the most frequently encountered.
They usually present as recurrent invasive macroadenomas, with an increasing degree of
pharmacological resistance. Noteworthy, silent ACTH-secreting PA may become function‐
al  as  malignant  transformation  occurs.  Metastases  may  develop  in  the  central  nervous
system  (with  intracranial  and/or  spinal  localizations)  or  present  as  systemic  secondary
tumours, in particular in the bones, lungs or liver. Therefore, malignant transformation is
a  late  event,  which  typically  complicates  the  evolution  of  an  aggressive  PA,  although
exceptions  have  been  reported.  Yet,  there  is  no  specific  biological  marker  of  pituitary
carcinoma and no reliable prognostic marker of potential malignant transformation in PA.
The  primary  pituitary  tumour  often  displays  a  high  mitotic  index  and  extensive  p53
immunostaining,  the  apoptotic  index  is  typically  higher  than  in  PA,  but  none  of  these
features is invariably present and no threshold value of Ki67 or p53 immunopositivity can
be defined. Several molecular abnormalities are encountered more frequently in pituitary
carcinomas, such as chromosome gains, H-Ras mutations, overexpression of c-myc, HER2,
galectin-3,  loss  of  pRB,  p27 and menin expression [233,234].  Active research is  ongoing,
aiming  to  identify  molecular  markers  of  aggressiveness  and/or  malignancy,  which  may
differ  according to  the functional  phenotype [110,237,238].  Understanding the molecular
pathways  of  malignant  transformation  and  progression  of  pituitary  carcinomas  should
provide  new  tools  for  targeted  therapies,  as  recently  proposed  for  anti-VEGF  or  anti-
EGFR therapy [138,210,211]. In addition, there is a need for reliable predictive markers of
chemotherapy efficacy.  Temozolomide (TMZ) has  recently  proven to  be  a  very  efficient
tool  for  the  treatment  of  pituitary  carcinomas  and  highly  aggressive  PA,  in  particular
prolactinomas [239-241]. Because changes in DNA induced by alkalylating agents may be
reversed by the DNA repair enzyme O’6 methylguanine methyltransferase (MGMT), it has
been  proposed  that,  as  reported  in  glioblastomas,  MGMT  status  could  be  used  as  a
predictive  marker  of  TMZ  efficacy  in  pituitary  tumours.  Although  the  first  reports
appeared  to  confirm  such  hypothesis  [239],  recent  data  indicate  that  neither  MGMT
immunostaining  nor  MGMT  methylation  status  are  sufficiently  predictive;  instead,  a  3-
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months  clinical  trial  is  worth  regardless  of  MGMT  status  and  predictive  of  long-term
response [240,241]. In addition, the absence of correlation between MGMT gene methyla‐
tion and MGMT immunostaining argues for a complex regulation of MGMT in pituitary
tumours and further highlights the need for better prognostic tools [241, 242].

8. Conclusion

Pituitary tumours are very heterogeneous and their pathogenesis is multifactorial. During the
last two decades, increasing knowledge about factors involved in pituitary ontogenesis,
physiology and genetics have provided significant new information concerning dysregulated
pathways in pituitary tumorigenesis. The rapid development of new methodological ap‐
proaches allowing to explore hundreds of genes and proteins simultaneously (genomics/
epigenomics/proteomics) has become an essential tool to unravel new players in pituitary
tumourigenesis, although data obtained with such screening methods need to be validated on
large series of pituitary tumours and integrated with functional studies. Molecular signatures
of functional PA phenotypes are emerging and may provide significant information in terms
of pathogenesis, prognosis and treatment. The identification of reliable markers of aggres‐
siveness remains a priority for a better understanding and management of secreting PA
resistant to conventional pharmacological treatment, NFPA and pituitary carcinomas.
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oncogenes, as originally described for Ras, this may apply to PTTG in pituitary tumours.
Oncogene-induced senescence (OIS) is a protective mechanism against cancer which may also
involve cytokines. Due to its role in pituitary development and its frequent expression in PA,
IL6 is an attractive candidate for OIS in PA [131].

7. Pituitary carcinomas

Pituitary carcinomas represent about 0.2% of symptomatic primary pituitary tumours and
are  defined  exclusively  by  the  presence  of  metastases.  Their  prevalence  may  be  some‐
what underestimated, since metastases can be discovered post-mortem and the number of
reported  cases  has  been  significantly  increasing  during  the  last  15  years  [233-235].  The
current interest in pituitary carcinomas certainly reflects the recent improvements in their
diagnosis and therapeutic management. Their clinical characteristics have been reviewed
in details elsewhere [233-236]. Briefly, most pituitary carcinomas are secreting (>80%), with
malignant prolactinomas and corticotrophinomas being the most frequently encountered.
They usually present as recurrent invasive macroadenomas, with an increasing degree of
pharmacological resistance. Noteworthy, silent ACTH-secreting PA may become function‐
al  as  malignant  transformation  occurs.  Metastases  may  develop  in  the  central  nervous
system  (with  intracranial  and/or  spinal  localizations)  or  present  as  systemic  secondary
tumours, in particular in the bones, lungs or liver. Therefore, malignant transformation is
a  late  event,  which  typically  complicates  the  evolution  of  an  aggressive  PA,  although
exceptions  have  been  reported.  Yet,  there  is  no  specific  biological  marker  of  pituitary
carcinoma and no reliable prognostic marker of potential malignant transformation in PA.
The  primary  pituitary  tumour  often  displays  a  high  mitotic  index  and  extensive  p53
immunostaining,  the  apoptotic  index  is  typically  higher  than  in  PA,  but  none  of  these
features is invariably present and no threshold value of Ki67 or p53 immunopositivity can
be defined. Several molecular abnormalities are encountered more frequently in pituitary
carcinomas, such as chromosome gains, H-Ras mutations, overexpression of c-myc, HER2,
galectin-3,  loss  of  pRB,  p27 and menin expression [233,234].  Active research is  ongoing,
aiming  to  identify  molecular  markers  of  aggressiveness  and/or  malignancy,  which  may
differ  according to  the functional  phenotype [110,237,238].  Understanding the molecular
pathways  of  malignant  transformation  and  progression  of  pituitary  carcinomas  should
provide  new  tools  for  targeted  therapies,  as  recently  proposed  for  anti-VEGF  or  anti-
EGFR therapy [138,210,211]. In addition, there is a need for reliable predictive markers of
chemotherapy efficacy.  Temozolomide (TMZ) has  recently  proven to  be  a  very  efficient
tool  for  the  treatment  of  pituitary  carcinomas  and  highly  aggressive  PA,  in  particular
prolactinomas [239-241]. Because changes in DNA induced by alkalylating agents may be
reversed by the DNA repair enzyme O’6 methylguanine methyltransferase (MGMT), it has
been  proposed  that,  as  reported  in  glioblastomas,  MGMT  status  could  be  used  as  a
predictive  marker  of  TMZ  efficacy  in  pituitary  tumours.  Although  the  first  reports
appeared  to  confirm  such  hypothesis  [239],  recent  data  indicate  that  neither  MGMT
immunostaining  nor  MGMT  methylation  status  are  sufficiently  predictive;  instead,  a  3-
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months  clinical  trial  is  worth  regardless  of  MGMT  status  and  predictive  of  long-term
response [240,241]. In addition, the absence of correlation between MGMT gene methyla‐
tion and MGMT immunostaining argues for a complex regulation of MGMT in pituitary
tumours and further highlights the need for better prognostic tools [241, 242].

8. Conclusion

Pituitary tumours are very heterogeneous and their pathogenesis is multifactorial. During the
last two decades, increasing knowledge about factors involved in pituitary ontogenesis,
physiology and genetics have provided significant new information concerning dysregulated
pathways in pituitary tumorigenesis. The rapid development of new methodological ap‐
proaches allowing to explore hundreds of genes and proteins simultaneously (genomics/
epigenomics/proteomics) has become an essential tool to unravel new players in pituitary
tumourigenesis, although data obtained with such screening methods need to be validated on
large series of pituitary tumours and integrated with functional studies. Molecular signatures
of functional PA phenotypes are emerging and may provide significant information in terms
of pathogenesis, prognosis and treatment. The identification of reliable markers of aggres‐
siveness remains a priority for a better understanding and management of secreting PA
resistant to conventional pharmacological treatment, NFPA and pituitary carcinomas.
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methyltransferase
miR: microRNA
MMP: matrix metalloproteinase
mTor: mammalian target of
rapamycin
MVD: microvessel density
NFPA: non-functioning pituitary
adenoma
PA: pituitary adenoma

PTAG: pituitary tumor derived
apoptosis gene
PTTG: pituitary tumour trasforming
gene
RIα: regulatory subunit type 1A
RP : Rathke’s pouch
Shh: Sonic Hedgehog
SSA: somatostatin analogues
SSTR: somatostatin receptor
TGF: trasforming growth factor
TF: transcriptions factor
TNF: tumor necrosis factor
TPR: tetratricopeptide repeats
TRH: TSH-releasing hormone
TSG: tumor suppressor gene
TSH: thyroid-stimulating hormone
TUNEL: terminal deoxynucleotidyl
transferase
VEGF: vascular endothelial growth
factor
WHO: world health organization
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1. Introduction

1.1. Endocrinology of aging

Aging is inevitable. Although it has been intensively studied and discussed, its cause(s) are
still in the realm of hypotheses. Two main theories hold the center of the stage at the moment:
1) aging occurs in accordance with genetic pre- programmed events or 2) it is not genetically
programmed but results from an accumulation of random events [1, 2]. Either way, changes
in cellular/molecular function are common denominators to be found in all processes that
characterize biological aging, but these changes occur with different timing and specificity
among different cells, tissues or organs [3]. This chapter will briefly review some important
aspects of current knowledge about aging process and its impact on thyroidal function.

The endocrine system is as affected by aging as are other systems. Yet, again, not all of its
components are affected at the same time or in the same way. During aging, physiologic
functions decline gradually, cellular protein synthesis is diminished as well as immune
function. There is also an increase in fat mass, a loss of muscle mass and strength, and a decrease
in bone mineral density that contribute to declining health status.

Two important clinical changes occur in endocrine activity during aging, involving pancreas
and thyroid gland. About 40% of individuals between the ages of 65 and 74 years and 50% of
those older than 80 years have impaired glucose tolerance or diabetes mellitus, and in almost
50% of elderly adults with diabetes the disease is undiagnosed [4]. Pancreatic secretion, insulin
receptor and insulin signaling pathways changes associated with aging are critical components
of the endocrinology of aging. In addition to relatively decreased insulin secretion by the beta
cells, peripheral insulin resistance related to poor diet, physical inactivity, increased abdominal
fat mass, and decreased lean body mass contribute to the deterioration of glucose metabolism
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[4]. Other hormonal systems exhibit lowered circulating hormone concentrations during
normal aging, and these changes have been considered mainly physiologic. The decrease in
human gonadic function with consequent decline in circulating estrogen and testosterone, and
increase in serum gonadotropins (FSH and LH), is a classic example. A decrease in growth
hormone (GH) and insulin-like growth factor-I (IGF-I) are most probably due do a decline in
hypothalamic growth hormone releasing hormone (GHRH), and also a part of the aging
process in mammals [4, 5]. The aged adrenal cortex is affected in its capacity to produce
dehydroepiandrosterone (DHEA). In contrast the glucocorticoids produced in the adrenal
cortex fasciculate layer tend to be more responsive to stimuli, have a slightly delayed clearance
rate, and are less entrained to the circadian phase in aged subjects than in young ones. Although
not all authors agree [6], most report that healthy elder subjects have higher cortisol levels
presumably in response to increased corticotrophin (ACTH) secretion [7, 8]. It is difficult to
evaluate - in humans - if this discordance is gender-related. An increased hypothalamus-
pituitary-adrenal activity is also seen in aged rats, more due to an increase in hypothalamic
vasopressin (AVP) synthesis and secretion than to increases in corticotrophin releasing
hormone (CRH), and may be related to a decrease in glucocorticoid receptor activity both at
the hypothalamus/pituitary and at peripheral tissues [9, 10].

2. Problem statement

2.1. Aging and thyroid dysfunction

Age-related thyroid dysfunction is common. Lowered plasma thyroxine (T4) and increased
thyrotropin concentrations occur in 5% to 10% of elderly women [11]. Autoimmunity or an
age-associated disease frequently are the primarily cause of these abnormalities rather than a
natural consequence of the aging process. Several immunological abnormalities have been
described in aging process. A well-recognized age-associated immune abnormality is the
general production of both organ- and nonorgan-specific autoantibodies. Aging is frequently
associated with the appearance of thyroid autoantibodies, but the biological and clinical
significance of this is still unknown. Some data have shown that these thyroid autoantibodies
are rare in healthy centenarians and in other highly selected aged populations, whereas they
are frequently observed in unselected or hospitalized elderly patients, thus suggesting that
these autoantibodies are not the consequence of the aging process itself, but rather are related
to age-associated disease [12].

Thyroid autoimmunity and subclinical hypothyroidism have also been implicated in the
pathogenesis of other age-associated disorders like coronary heart disease [13]. A major,
unresolved issue is whether, and to what extent, the complex physiological changes seen in
the hypothalamus-pituitary-thyroid axis contribute to the pathogenesis of age-associated
diseases such as atherosclerosis, coronary heart disease and neurological disorders [11].

Hot Topics in Endocrine and Endocrine-Related Diseases86

With improvements in biochemical testing and increasing numbers of relatively asymptomatic
individuals being subjected to blood testing, subclinical hypothyroidism and subclinical
hyperthyroidism have become the most frequent thyroid disease. The clinical complications
and functional consequences and effects on quality of life have been extensively addressed as
well as the therapeutic options, however because of the lack of large randomized clinical trials,
the evidence for choosing one treatment over another is minimal [14].

Normal aging is accompanied by a slight decrease in pituitary thyrotropin (TSH) release and
especially by decreased peripheral metabolism of T4, which results in a gradual age-dependent
decline in serum triiodothyronine (T3) concentrations without changes in T4 levels [11]. This
slight decrease in plasma T3 concentrations occurs largely within the broad normal range of
the healthy elderly population and has not been clearly related to functional changes during
the aging process. The deleterious effects of overt thyroid dysfunction in elderly individuals
are clearly recognized, but the clinical relevance of mild forms of hypothyroidism and
hyperthyroidism are a matter of debate. The prevalence of thyroid disease increases with age
and all forms of thyroid disease are encountered. However, the clinical manifestations are
different from those encountered in younger patients. In the elderly, autoimmune hypothyr‐
oidism is particularly prevalent. Hyperthyroidism is mainly characterized by cardiovascular
symptoms and is frequently due to toxic nodular goiters. Thyroid carcinoma is also more
aggressive [15].

Molecular biology studies have considerably broadened our knowledge of thyroid tumori‐
genesis. Follicular cell proliferation is mainly regulated by TSH but also is controlled by extra-
cellular growth factors that essentially modify intra- cellular signaling pathways after binding
to membrane receptors. It is known that “in vitro” TSH stimulates cell cycle progression and
proliferation in cooperation with insulin or IGF-I in various thyrocyte culture systems,
including rat thyroid cell lines (FRTL-5, WRT and PCCl-3), and in primary cultures of rat, dog,
sheep and human thyroid cells [16]. Park et al. demonstrated that the TSH proliferative effect
is, at least in part, mediated by an increase in expression of an adaptor molecule of the IGF-I
receptor (p66Shc) [17]. These data suggest that the synergistic proliferative effect of TSH and
insulin/IGF-I on the thyroid gland may also occur “in vivo”.

Tumor growth occurs when the normal equilibrium of regulatory pathways is disrupted, either
through enhancement of stimulatory pathways or deficient inhibitory pathways [18]. Epide‐
miological studies show that cancer is primarily a disease of the aged. Cancer rates increase
dramatically in humans beginning in the sixth and seventh decades of life. Although the
complex relationship between cancer and aging has long been recognized, a clear understand‐
ing of the mechanisms underlying this relationship has remained elusive. Recently, Hinkal
and Donehower reviewing this issue focused on a decline in function of tumor-suppressing
genes like p53 during aging, associated with the development of tumors in many different
tissues in mice. Among the hundreds of tumor-suppressing genes now identified, p53 may be
the most important. The p53 gene is mutated in over half of all human cancers, and it has been
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estimated that more than 80% of human cancers have dysfunctional p53 signaling [19]. In fact,
decreased expression of tumor- suppressing genes, may be associated with higher cancer
incidence in aged subjects, but one can not discard higher function of genes involved in cellular
proliferation probably also present in aged subjects.

Ras proteins are involved in the transduction of growth factor signals by surface receptors,
and are key components of downstream signaling through several pathways. Ras activation
of the Raf serine/threonine kinases, and activation of the ERK mitogen-activated protein
kinases (MAPKs) is an important signaling pathway for many Ras effects [20]. Thyroidal
proliferation can be induced by growth factors, and it is known that oncogenic mutations of
Ras-family genes play an important role in malignant transformation and tumor progression
in the follicular epithelium of the thyroid gland. In fact, De Vita et al. showed in FRTL5 thyroid
cells that the overexpression of mutated RAS gene inhibits the expression of thyroid differen‐
tiation markers in a dose-dependent way [63]. Overexpression of three different Ras isoforms
(H-, K- and N-Ras) exert similar effects on the thyroid phenotype: loss of thyroid differentia‐
tion, with decrease in thyroidal differentiation markers proteins as thyroglobulin, thyroper‐
oxidase, Na+/I- symporter, TSH receptor, thyroid oxidase and thyroid specific combination of
transcription factors, Titf 1, Foxe 2 and Pax 8 [21].

Ras proteins comprise a group of 20- to 25-KDa proteins that are involved in transduction of
signals elicited by activated surface receptors, acting as molecular switches in many processes
governing cellular growth and differentiation. The Ras-pERK pathway can also be modulated
by thyroid hormones. In the hypothyroid rat there is a clear positive modulation of Ras, but
this does not affect pERK, which shows a slight decrease. In contrast, thyroidal pERK increases
in T4-induced hyperthyroidism, but there are no changes in RAS expression [22].

Effects of aging on Ras expression are still very much unexplored. In rat thyroids from both
genders aging duplicated Ras expression, but its signal transduction by pERK was decreased,
suggesting a failure in this pathway [23]. These results could be involved in the impaired
thyroidal function observed in old rats. Ras activation of Raf serine/threonine kinases, and
activation of the ERK mitogenactivated protein kinases is an important signaling pathway for
many Ras effects, the others being the activation of phosphatidylinositol-3 kinase or the Ral-
small GTPases. As far as we know, an increase in the protooncogene Ras expression in the
thyroid from aged rats has not been detected previously. Further studies are required to
elucidate the pathways involved in this increases in Ras expression during the aging process,
and to correlate them with the known morphologic and functional changes that affect the aging
thyroid gland.

2.2. Aging and hypothalamus-pituitary-thyroid axis

The effect of aging on the hypothalamus-pituitary-thyroid function is still a subject of contro‐
versies. The hypothalamus-pituitary-thyroid axis undergoes a significant number of complex
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physiological alterations associated with aging. However, direct age-related changes need to
be distinguished from indirect alterations caused by simultaneous thyroid or non- thyroidal
illness, or other physiological or pathophysiological states whose incidence increases with age.
Several changes formerly believed to be a direct result of the aging process have subsequently
been shown to be due to the increased prevalence of subclinical thyroid disease and/or the
result of non-thyroidal illness. This makes interpretation of thyroid function tests difficult in
the elderly [11].

Pituitary thyrotropin (TSH) stimulates all steps of thyroid hormones biosynthesis and is the
major regulator of the thyroid gland morphology and function. TSH production and secretion
are stimulated by the hypothalamic thyrotropin-releasing hormone (TRH) and suppressed by
thyroid hormones, in a classic negative feedback control system.

In a revision of several population studies Surks and Hollowell report that the TSH distribution
of aged humans - without thyroid disease - progressively shift to higher concentrations,
suggesting that the prevalence of subclinical hypothyroidism could have been overestimated
in many other studies [24]. The main point that is being discussed for some time by endocri‐
nologists is whether the increase in the serum immunoreactive TSH of aged subjects, and
related changes in thyroid function, are a “physiologic” consequence of aging on the hypo‐
thalamus-pituitary-thyroid axis or if they reflect alterations induced by acute or chronic non-
thyroid illnesses and/or use of drugs, both more frequent in the elder population [25, 26].

In fact there are strong evidences pointing to a decrease hypothalamus-pituitary-thyroid axis
activity with aging, be it in humans [27, 28] or in rats [29, 30, 31]. Thyroid hormone production
and metabolism are altered by aging. Serum T4 and T3 are significantly reduced in old male
rats, but the serum T3 seems to be less affected in elder female rat [30, 31, 32]. Decreases in
serum T3, associated or not with lower T4, are present in aged humans [26], however it should
be emphasized that although significantly decreased the thyroid hormone and TSH concen‐
trations mostly remain within the range considered as normal.

The decrease in T3 levels, and in the metabolism of T4 in elder subjects has been attributed to
a diminished 5’- deiodinase type I (D1) activity. In fact, we and others have found lower hepatic
and thyroid D1 activity in aging rats, but males seem to be more affected than females [30, 33,
34]. The resulting lower serum T3/T4 ratio can also be attributed, at least in part, to a prefer‐
ential release of T3 by the thyroid of the aged rat, both basal and after TSH stimulation [35].
The effect of aging on pituitary deiodinases type 1 and type 2 (D1, D2) is still awaiting further
confirmatory studies. Donda and Lemarchand-Beraud found an increase of D1 and deiodinase
type 2 (D2) activities in the pituitary of old male rats, while we found both pituitary deiodinase
activities to be decreased in the old female rat [36]. No further information seems to be
available, although suggestions of a “partial central hypothyroidism” and less efficient
response of the hypothalamic-pituitary axis to lower circulating thyroid hormones are found
often enough [32].

Hypothalamic TRH content is reduced in aged rats [32, 35] and thyrotroph response to TRH
is mostly reported as decreased, both in rats [29, 32, 36] and [37, 38] in humans. Non-stimulated
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TSH concentration has also been reported as relatively diminished by aging in a large popu‐
lation of older persons without hyperthyroidism, and in aging patients with resistance to
thyroid hormone (and their non-affected relatives) [27].

In fact, Carlé et al. detected four-fold higher average serum TSH in younger (0-20 years) than
in the older (80+ years) patients with untreated primary, spontaneous autoimmune hypothyr‐
oidism, while there was no age-dependent variation in serum T4. The well-known inverse
linear correlation between T4 and log TSH was maintained in both groups, but the serum TSH/
T4 ratio was lower in the elder patients than in the young ones. Thus, for the same degree of
thyroid failure, the serum TSH is lower among the elderly. Since serum T4 is the parameter
best associated with the degree of tissue hypothyroidism, a lower TSH at diagnosis/follow-up
of elder patients may suggest that their degree of hypothyroidism is less severe than it really
is. Furthermore, and of interest for the clinical endocrinologist, a longer time may be needed
after thyroid hormone withdrawal before elder patients with thyroid cancer reach sufficiently
high TSH values to allow an effective radioiodine treatment [28].

The increase of pituitary thyrotroph hormonal secretion, when stimulated by the low levels of
thyroid hormones, is also significantly impaired in the old rat, even when the thyroid hor‐
mones levels are dramatically reduced by MMI treatment [31]. “Normal” circulating levels of
TSH are frequently seen in aged rats, in spite of their low serum thyroid hormone levels [30,
31, 36]. This may be attributed to the secretion of a TSH with increased sialylation and
diminished biological activity [39] as reported in some types of central hypothyroidism [40]
and/or to a diminished response of the thyroid to TSH (less TSH receptors or defective
transduction of its signal). A diminished effect of a less biologically active TSH can explain the
low thyroid hormone concentration of the aged rat, that could be in part mediated by a decrease
in the TPO and Tg expression as found by us in the thyroid gland of aged male (but not female)
rat [30].

Thus, at the moment, we must consider that the hypothalamus-pituitary-thyroid axis is
affected at all three levels by normal aging, and a reduced responsiveness of target cells/tissues
to the effects of thyroid hormones levels rounds-off the picture of a mild state of “total”
hypothyroidism that occurs during the aging process, and that may vary according to gender
and species evaluated.

Aging also affect thyroid morphology, Messina et al. reported a reduction of the hypothalamus-
pituitary-thyroid axis activity, with anatomical (weight) and physiological (uptake of iodine
and hormone synthesis) age-related adaptations, that result in a reduction of thyroid function
[41]. Nevertheless, the authors consider this state as different from hypothyroidism since the
thyroid hormones tend to remain within the range considered as normal. In F344 rats, the
follicular area and the area of the follicular lumen increased and the height of follicular
epithelial cells decreased at 20.5 months, indicating low thyrocyte activity; concomitantly
serum T3, T4 and TSH concentrations also decreased with age, confirming that in F344 male
rats the aged thyroid shows structural and functional changes [42].

Figure 1 summarizes our current knowledge on aging process and its impact on thyroidal
function and regulation.
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TSH concentration has also been reported as relatively diminished by aging in a large popu‐
lation of older persons without hyperthyroidism, and in aging patients with resistance to
thyroid hormone (and their non-affected relatives) [27].

In fact, Carlé et al. detected four-fold higher average serum TSH in younger (0-20 years) than
in the older (80+ years) patients with untreated primary, spontaneous autoimmune hypothyr‐
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linear correlation between T4 and log TSH was maintained in both groups, but the serum TSH/
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best associated with the degree of tissue hypothyroidism, a lower TSH at diagnosis/follow-up
of elder patients may suggest that their degree of hypothyroidism is less severe than it really
is. Furthermore, and of interest for the clinical endocrinologist, a longer time may be needed
after thyroid hormone withdrawal before elder patients with thyroid cancer reach sufficiently
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transduction of its signal). A diminished effect of a less biologically active TSH can explain the
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rat [30].

Thus, at the moment, we must consider that the hypothalamus-pituitary-thyroid axis is
affected at all three levels by normal aging, and a reduced responsiveness of target cells/tissues
to the effects of thyroid hormones levels rounds-off the picture of a mild state of “total”
hypothyroidism that occurs during the aging process, and that may vary according to gender
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Aging also affect thyroid morphology, Messina et al. reported a reduction of the hypothalamus-
pituitary-thyroid axis activity, with anatomical (weight) and physiological (uptake of iodine
and hormone synthesis) age-related adaptations, that result in a reduction of thyroid function
[41]. Nevertheless, the authors consider this state as different from hypothyroidism since the
thyroid hormones tend to remain within the range considered as normal. In F344 rats, the
follicular area and the area of the follicular lumen increased and the height of follicular
epithelial cells decreased at 20.5 months, indicating low thyrocyte activity; concomitantly
serum T3, T4 and TSH concentrations also decreased with age, confirming that in F344 male
rats the aged thyroid shows structural and functional changes [42].

Figure 1 summarizes our current knowledge on aging process and its impact on thyroidal
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cause and cardiovascular mortality rates compared with euthyroid individuals [45].  In a
group of 400 men with a mean age of 78 years, Van den Beld and colleagues [46] showed
that low serum levels of free T4 and T3 (with normal reverse T3 [rT3]) concentrations were
associated with better physical performance and 4-year survival, whereas subjects with low
serum levels of T3 and high rT3 concentrations did not show a survival advantage and had
lower levels of physical activity. These two studies support the concept that some degree
of physiologically decreased thyroid activity at the tissue level may have favorable effects
in the oldest-old subjects,  but caution should be exercised when interpreting the predic‐
tive value of thyroid dysfunction in the elderly, which may produce contradictory results
if not considered in the appropriate context [15].

Subclinical hypothyroidism has been associated with heart failure [48] and with increased odds
of metabolic syndrome [49], but the significance of increased serum TSH in elder subjects is
still sub judice. Thus, treatment of subclinical hypothyroidism to prevent heart failure and
cardiovascular disease in older people should be better evaluated in large randomized clinical
trials.

Thyroid hormones have an important role in many organic functions and their deficiency
causes a wide spectrum of clinical presentations and symptoms. Neuromuscular manifesta‐
tions are well established in overt hypothyroidism and impaired muscle function is frequently
observed. Thyroid hormone deficiency may also interfere substantially with various aspects
of physical, mental and social well-being. The evidence for improvement of psychiatric
symptoms with hormonal treatment of hypothyroidism, and the use of T3 to potentiate the
response to treatment of depressive disorders suggest a direct relationship between thyroid
hormones and psychiatric symptoms. Neurobiological evidence seems to corroborate the
hypothesis of an organic basis of the effects of thyroid hormone on the brain and on psychiatric
symptoms. There is some evidence that subclinical hypothyroidism may also be responsible
for findings classically described in hypothyroidism. Symptoms and signs of hypothyroidism
have been frequently found in subclinical hypothyroidism patients, as reported by many
authors. In fact, Reuters et al described an improvement in some physical aspects of quality of
life after L-T4 treatment in patients with subclinical hypothyroidism [50].

The frequency of subclinical hypothyroidism, varies from 6.5 to 15% in elder subjects [51, 52]
Subclinical hypothyroidism has been associated with clustering of cardiovascular risk factors,
such as hypertension, diabetes mellitus, dyslipidaemia and hyperuricaemia [53], as well as
with the development of insulin resistance, which is evident both in vivo and in vitro studies.
The latter may be attributed to decreased insulin-stimulated rates of glucose transport in cells,
due to impaired translocation of GLUT4 glucose transporters on the plasma membrane [54].

Multiple studies, with conflicting results, have examined the association of subclinical
hypothyroidism with cardiovascular risk and mortality. A recent reanalysis of the Whickham
Survey suggested a clear association of subclinical hypothyroidism with ischemic heart disease
and mortality [55]. However, a meta-analysis of 15 observational studies indicated that
increased cardiovascular risk is evident only in younger individuals with subclinical hypo‐
thyroidism [56]. In patients with type 2 diabetes mellitus, subclinical hypothyroidism has been
found to be associated with reduced all-cause mortality [57]. Furthermore, age-related subtle
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thyroid hypofunction has been related to longevity [58]. Part of the heterogeneity in these
studies may be related to differences in participants’ age, sex or TSH level. In a recent meta-
analysis combining data on 55,287 participants from 11 prospective studies, subclinical
hypothyroidism was associated with an increased risk of coronary heart disease and mortality
in patients with TSH levels higher than 10 IU/L, these associations did not differ in age, sex or
ethnicity [51].

Treatment of subclinical hypothyroidism remains controversial [52, 53, 59]. Although there
are no randomized controlled trials documenting decreased cardiovascular morbidity or
mortality, some studies have suggested that treatment of subclinical hypothyroidism may
result in improvement of cardiovascular risk factors, such as insulin sensitivity, glucose
metabolism, soluble intercellular adhesion molecule-1 [60], endothelial progenitor cell levels
[61], abnormalities in high-density lipoprotein metabolism [62], and common carotid intima-
media thickness [63]. According to the American Association of Clinical Endocrinologists,
treatment is indicated in patients with TSH levels above 10 IU/ml or in patients with TSH levels
between 5 and 10 IU/ml along with goiter or positive anti-thyroid peroxidase antibodies, since
these patients have increased rates of progression to overt hypothyroidism. However, it should
be kept in mind that TSH levels are sometimes transiently elevated, due to recovery from non-
thyroidal illness or medication use. As a result, it has been recommended that TSH measure‐
ment should be repeated after 6–8 weeks in order to confirm the diagnosis of subclinical
hypothyroidism, prior to any consideration of initiating therapy [52].

The prevalence of thyroid disease increases with age but very often presents different clinical
manifestations from those found in younger patients. Autoimmune hypothyroidism is
particularly prevalent in the elderly, and may be one of the factors that underlies an increased
serum TSH reported by various studies in this population [64]. Hyperthyroidism is less
common in among older subject, is frequently due to toxic nodular goiters, is mainly charac‐
terized by cardiovascular symptoms, and its manifestations are generally milder than in the
younger patients. The associated decrease in TSH may also be less marked than that found in
Graves’ disease. Thus, the question of whether changes in circulating TSH levels in the elderly
indicate a “physiologic adaptation” or are a reflection of associated health disturbances is still
pertinent and awaiting further evaluation.

3. Conclusion

The effect of aging on the hypothalamus-pituitary-thyroid function is still a subject of contro‐
versies. Normal aging is accompanied by a slight decrease in pituitary thyrotropin release and
especially by decreased peripheral degradation of T4, which results in a gradual age-depend‐
ent decline in serum triiodothyronine concentrations without changes in T4 levels. This slight
decrease in plasma T3 concentrations occurs largely within the broad normal range of the
healthy elderly population and has not been clearly related to functional changes during the
aging process.
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The frequency of subclinical hypothyroidism, varies from 6.5 to 15% in older subjects and
treatment of subclinical hypothyroidism remains controversial. However, it should be kept in
mind that TSH levels are sometimes transiently elevated, due to recovery from nonthyroidal
illness or medication use.
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1. Introduction

1.1. Physiological aspects

Iodine and thyroid hormones are indispensable for somatic growth and development of sev‐
eral organs and systems in the fetus and infant. Their most important action is on the devel‐
opment of central nervous system in the critical period of life: from the fetal life up to the
third year of age (Dobbing & Sands, 1973; Delong, 1989; Delange, 2000; Koibuchi & Chin,
2000). Thyroid hormone primary is involved in myelination and neuronal-glial cell differen‐
tiation (Bernal, 2005), brain maturation, and is crucial in the development and maintenance
of normal physiological processes (Joffe & Sokolov, 1994, Neale et al., 2007).

1.2. Etiology and pathophysiology of Iodine Deficiency Disorders (IDD)

Insufficient  dietary  iodine  intake  is  the  most  important  etiological  factor  of  disorders
caused by iodine deficiency, but goitrogens (perchlorates, thiocyanates), physiological pe‐
riods  with  high  requirement  of  iodine  (puberty,  pregnancy,  lactating  period),  increased
urinary  iodine  excretion  (nephrosis  syndrome),  high  thyroxine  binding  globuline  level
(hyperestrogenism,  oral  contraceptives),  lack  of  selenium,  latent  thyroid  enzyme defects
and autoimmune thyroid processes may contribute as well (Brook et al., 2008; Delange &
Dunn, 2005).

© 2013 Kun et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Insufficient iodine intake leads to reduced thyroid hormone production, and all the conse‐
quences of iodine deficiency.

Iodine deficiency occuring during the critical period of life induces the most damaging com‐
plications: irreversible mental retardation and cretenism (Hetzel, 1983; Stanbury, 1994; De‐
lange, 2001; Boyages, 1994, Bleichrodt, 1994). In severely endemic areas, cretenism may
affect up to 5-15% of the population, being the most common cause of mental retardation
(Glinoer, 2001, Morreale de Escobar et al., 2004; Pearce, 2009). However, milder brain im‐
pairments appear most frequently, such as poor school performance, reduced intellectual
ability, impaired work capacity (Stanbury, 1994), apathy, lassitude, diminished mental ca‐
pacity, verbal and hearing impairments.

In children iodine deficiency causes goiter and reduced growth velocity as well. During time
diffuse goiters can transform into uni- or multinodular goiters. These nodules can become
autonomous, inducing hyperthyroidism, especially after administration of iodine.

1.3. Clinical aspects – High-risk populational groups

Iodine deficiency induces a large spectrum of organic and functional consequences grouped
under the general heading of iodine deficiency disorders (IDD) (Hetzel, 1983). IDD reflect
this public health problem more relevantly than the term „goiter”. This group of disturban‐
ces is characterised by all of the ill-effects of iodine deficiency specific to different physiolog‐
ical stages (fetus, newborn, infant, schoolchild, adolescent, adult, especially pregnant
woman) (Hetzel, 1983; Stanbury, et al., 1998; Lauberg et al., 2000; de Benoist et al., 2004; De‐
lange & Dunn, 2005), that can be prevented by adequate intake of iodine.

The population groups being at  the highest  risk to develop IDD and severe consequen‐
ces are fetuses,  children under 2 years of age,  pregnant and lactating women. The most
devastating  outcome of  IDD is  increased perinatal  mortality  and mental  retardation.  In
infants  iodine  deficiency  is  the  most  frequent  cause  of  preventable  mental  damage
worldwide (de Benoist et al., 2004).

In school-age children and adolescents the main clinical manifestations are diffuse endemic
goiter, subclinical thyroid dysfunctions (mainly hypothyroidism and rarely hyperthyroid‐
ism), and impaired mental function, retarded physical development as the impact of iodine
deficiency on the central nervous system. The iodine-deficient thyroid gland in children is
highly susceptible to nuclear radiation (Hetzel, 1983; Stanbury et al., 1998; Lauberg et al.,
2000; de Benoist et al., 2004; Delange & Dunn, 2005, Zimmermann, 2009, Andersson et al.,
2007).

In moderate iodine-deficient regions hypothyroidism may appear in children (Brook et al.,
2008), at the same time delayed neurodevelopment with defective neuromotor and cognitive
ability were also met (Vermiglio et al., 1990; Bleichrodt & Born, 1994; Pop et al., 2003).

Clinically euthyroid school-children in iodine-deficient regions have subtle or overt neuro-
psychointellectual deficits compared to iodine-sufficient children in the same ethnic, demo‐
graphic, nutritional and socioeconomic system (Vermiglio et al., 1990; Fenzi et al., 1990). The
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intelligence quotient may be reduced with about 10-15% in children living in mild, moderate
iodine deficient areas (Bleichrodt & Born, 1994).

The attention deficit and hyperactivity disorders (AD-HD) appear significantly more fre‐
quently in mild-moderate iodine-deficient geographical areas than in iodine-replete regions
(Vermiglio et al., 2004). AD-HD was often observed in developed European countries
known currently with mild-moderate iodine deficiency (Vermiglio et al., 2004).

1.4. Epidemiology

Several regions worldwide are believed to be iodine deficient of different degree, but the
true extent is not fully known. 50% of the world population was estimated to live in coun‐
tries with iodine deficiency. IDD represented a major public health problem in the whole
world at the end of the 20th and the beginning of the 21th century. In 1999 IDD did affect
2.225 billion people (38.4% of the world population) in 130 countries. About 700 million peo‐
ple (12.6% of the population) had goiter (WHO et al., 1999). In 1994, 43 million individuals
were estimated to be mentally handicapped as a consequence of iodine deficiency.

Europe is considered a mild to moderate iodine-deficient continent. Endemic goiter was of‐
ten reported in Europe, especially in mountainous areas. The reevaluation of iodine status in
the late 1980's indicated that most European countries were still iodine deficient (Gutekunst
& Scriba, 1989). Thus, programs for the elimination of iodine deficiency were initiated in
several regions. In 1997 a study involving 26 European countries showed mild to severe io‐
dine deficiency in many regions, and a dramatic return of the deficiency within 5 to 7 years
after the interruption of iodized salt program (Delange et al., 1998). In 1999 the World
Health Organization (WHO), the United Nations Children’s Fund (UNICEF) and the Inter‐
national Council for the Control of Iodine Deficiency Disorders (ICCIDD) reported that 18
countries in Western and Central Europe, including Romania and 14 countries in Eastern
Europe were still affected by iodine deficiency; then Denmark, France and Ireland were add‐
ed to them. About 275 million people (31.6% of the population) were affected by IDD, and
130 million had goiter (15%) (WHO et al., 1999).

Romania was considered an European endemic region at the end of the 20th century, where
goiter frequency was very variable in different areas. The highest frequency was reported in
hilly-mountainous regions, such as Maramureş (mountainous northern zone) the Carpathi‐
an Mountains, as well as the Transylvanian Basin (located at the center of the country). In
1993 the incidence of goiter was 1.19-26.45% in school-age children. In 1994-1995 the Thyro‐
mobil project realized in Braşov and Timişoara districts detected goiter by ultrasound in
13.5% of boys and in 10.1% of girls with age between 6-12 years. The incidence of goiter as‐
sessed by physical examination was 2.9-36.3% in 16 counties (Simescu & Ionescu, 1998). In
conclusion, at the end of the 20th century iodine deficiency disorders remained a serious
public health problem in our contry.

During 2002-2004 the evaluation of  iodine status in  the whole  territory of  Romania has
shown that  80% of  the  counties  (especially  rural  regions)  were  moderately  iodine  defi‐
cient  areas,  the  prevalence  of  endemic  goiter  was  0-40%  and  urinary  iodine  excretion
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(UIE)  was  reduced in  2/3  of  studied individuals,  detecting  very  low levels  in  pregnant
women (Goldner, 2005).

Mureş County is a 6,700 square km large hilly-mountainous region in Transylvanian Ba‐
sin,  located in the center of  Romania,  populated with about 600,000 inhabitants.  Similar
investigations were performed here in 1950's (Cornea, 1957), which were continued until
the  '80  years,  some of  the  results  being  published  (Vasilescu  et  al.,  1986,  Hetzel  et  al.,
1987).  After that IDD survey by modern methods (UIE and thyroid ultrasound volume‐
try)  were  recommended.  In  1998-1999  school-children  from  localities  near  the  superior
and middle hydrographical basin of the river Mureş, including Târgu Mureş (the capital
city of Mureş County) were screened. The results showed mild iodine deficiency in most
rural  localities,  moderate  iodine deficiency in  some villages,  and normal  iodine state  in
Târgu Mureş (Balázs et  al.,  1998,  2000/a,2000/b).  Our survey targeting neonatal  and ma‐
ternal  screening,  performed  during  2001-2006,  investigated  the  impact  of  universal  salt
iodization on the iodine status of these high-risk populations, and it showed that Mureş
County  is  a  moderately  mild  iodine-deficient  area  (Kun et  al.,  2003,  Kun,  2006,  Kun et
al., 2007, Szántó et al., 2007).

1.5. Official strategies to eliminate iodine deficiency disorders worldwide

In 1990 the heads of States and Governments and other senior officials on the occasion of the
World Summit for Children assumed a solemn obligation to eliminate the iodine deficiency
disorders. In 2002 an international agreement for the long-term elimination of IDD until
2005 was accepted at the special Session of UNO dedicated to childhood health. The World
Health Organization criteria to eliminate IDD through universal iodization of alimentary
salt were the use of iodized salt at least in 90% of households, adequate iodine-concentration
of salt (20-40mg/kg), and the implementation in practice of these measurements at least
within two years. Reviewing the IDD status in Europe, a marked improvement in the status
of iodine nutrition was observed, especially in the central parts of the continent (Delange,
2002; Vitti et al., 2003, Gerasimov, 2002).

1.6. National strategy on the elimination of IDD in Romania

The legislative measures for the elimination of endemic goiter were controlled for decades
by the 637/1955 and the 1056/1962 Governmental Decisions, which ordered among others
the distribution of potassium iodide (KI) tablets in school-age children. Thus, legislation on
salt iodization did exist, but being not enforced it could not eradicate goiter. So, several Ro‐
manian counties, especially hilly-mountainous and rural regions remained iodine deficient
according to the above presented data. In 1995 a new governmental order (No. 779/1995)
proposed to review the prevention measures of IDD. In 1997 the 21 National Program of the
Romanian Ministry of Health intentioned to reduce the frequency of IDD with at least 10%
during the following 5 years. Romania has been taken part at the European strategy to elimi‐
nate iodine deficiency in Europe on the basis of the WHO criteria from 2002. Extended sur‐
veys were performed in Braşov County, Banat (in the central and the western region of the
country, respectively, both being parts of the Thyromobil project), Moldova (the eastern ter‐
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ritory) and Dobrogea (south-eastern region), as well as Bucharest, the capital of the country
(Simescu, 1999). The nationwide surveys conducted in 2002 have shown that non-iodized
salt was still present in Romanian households: 31% of the households in urban and 37% in
rural localities (Government of Romania, 2005).

In the frame of  the general  strategy the following measurements  were taken:  a  govern‐
mental  decision  (No.  586/5  June  2002)  was  adopted  regarding  universal  salt  iodization
(mean  KIO3  content  of  salt  34±8.5mg/kg  −  i.e.  25.5-42.5mg/kg,  higher  than  previously);
the use of iodized alimentary salt has become mandatory since 2003, and the compulso‐
ry iodization of  salt  used in baking industry was decided in 2004.  In addition,  the Na‐
tional  Committee  for  universal  salt  iodization  and  IDD elimination  (with  multisectorial
participation) was founded in 2004; in the same year the National Strategy on the elimi‐
nation of  IDD during 2004-2012  was  elaborated and adopted by governmental  decision
(Government of Romania, 2005). In 2005 the National Strategy on the elimination of IDD
was founded in the Institute of Public Health Bucureşti. Consequently, the use of iodized
salt in households increased to 96% in 2004 (compared to 53% in 2002) according to data
furnished  by  the  Institute  of  Mother  and Child’s  Protection,  but  on  the  other  hand io‐
dine content of alimentary salt proved to be insufficient (63%). Therefore, iodine supple‐
mentation was necessary,  and 10% of  school-children received iodine tablets,  prescribed
by general practitioners. Consequently the iodine-supplementation of school-children and
pregnant  women has  improved considerably  after  the  first  2  years  of  obligatory  use  of
iodized alimentary salt, the urinary iodine excretion (UIE) becoming almost normal. With
all  the efforts  IDD was still  persisting in 2005,  requiring enforced monitoring system of
iodized salt  production and consumption,  strengthen the health promotion network etc.
(Goldner, 2005).

1.7. Indicators to assess baseline IDD status and to monitor and evaluate the IDD control
programs

Individual evaluation of IDD is based on clinical exam (physical examination to determine
thyroid size and signs of thyroid dysfunctions, inclusion the case into populational group at
risk for IDD, psychoneurosomatic assessment of children and adolescents), as well as labo‐
ratory and imagistical findings (UIE, TSH, FT4, FT3, radioiodine uptake, thyroid ultrasound
and scintigraphy, fine-needle aspiration biopsy of thyroid nodules).

The  epidemiological  evaluation  of  a  geoclimatic  area  includes  the  determination  of  io‐
dine content  of  the water  and soil,  and the assessment of  different  types of  IDD in the
population by indicators of  iodine status at  baseline and during the salt  iodization pro‐
gram (impact indicators: median UIE, goiter frequency and high TSH levels) and by indi‐
cators  evaluating  the  degree  of  successfullness  and  sustainability  of  the  salt  iodization
programs (sustainability indicators).

Indicators  used  to  assess  the  iodine  status  of  school-age  children  are  median  UIE,  the
prevalence of  goiter  determined by inspection/palpation or  ultrasound,  and the  level  of
thyroglobulin (Tg).
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Urinary  iodine  excretion  (UIE)  is  a  sensitive  tool  to  indicate  the  present  iodine  status,
being  useful  to  evaluate  the  recent  changes  of  iodine  intake  in  the  target  population
(Gorstein, 2001).

Median UIE (μg/L) Iodine deficiency Iodine intake

< 20 severe insufficient

20-49 moderate insufficient

50-99 mild insufficient

Table 1. The degree of iodine deficiency in school-age children based on the median UIE, according to WHO
classification (WHO et al., 2001).

The frequency of goiter (total goiter prevalence – TGP) reflects the population’s history of
iodine nutrition but not its present iodine status, because thyroid size becomes normal for
months or years after the correction of iodine deficiency. This indicator is useful to assess
the severity of IDD at baseline and the long-term impact of control programs (de Benoist et
al., 2004), but it is of limited usefulness in assessing the impact of programs once salt iodiza‐
tion has commenced (WHO et al., 2001).

Indicator
The degree of iodine deficiency

mild moderate severe

Prevalence of goiter assessed by inspection and palpation

[%]
5-19.9 20-29.9 ≥30

Frequency of thyroid volume >97th percentile by

ultrasound* [%]
5-19.9 20-29.9 ≥30

Mean serum Tg level [ng/mL] 10-19.9 20-39.9 ≥40

*corresponding to the upper normal limit of thyroid volume

Table 2. The degree of iodine deficiency in school-age children based on goiter prevalence, according to WHO
classification (WHO et al., 1994, 2001).

The screening of thyroid volume assessed by inspection and palpation may furnish sub‐
jective  bias  in  as  much  as  30-40%  of  the  cases  (Delange,  1994;  Gutekunst  &  Teichert,
1993; WHO et al., 1994; Vitti et al., 1994), being imprecise mostly for small goiters. There‐
fore, thyroid ultrasound (US) is a far better method to detect goiter in population, espe‐
cially  in  children  (Gutekunst  &  Teichert,  1993).  It  determines  more  accurately  and
objectively  the  thyroid  size,  but  there  is  no  agreement  on  reference  values.  The  upper
normal  limit  of  thyroid volume in  children living in  normal  iodine-supply regions  was
elaborated  (Delange  et  al.,  1997).  In  the  following  years  the  reevaluation  of  previous
measurements and the standardization of values in iodine-deficient regions were suggest‐

Hot Topics in Endocrine and Endocrine-Related Diseases106

ed, because the values provided on the basis of data collected in Europe (Delange et al.,
1997)  were overestimated by 30% (Zimmermann et  al.,  2001).  Reliable  new values  have
been provided in iodine-sufficient school-children (Zimmermann et al., 2004).

A geographical region is defined as iodine-deficient if the median UIE is below 100μg/L or
the prevalence of goiter is higher than 5% among school-age children (aged 6 to 12 years)
(WHO et al., 2001).

The serum TSH level as an indicator of iodine status is particularly used in neonatal screen‐
ing programs. A region is considered iodine-deficient if the frequency of serum
TSH>5mIU/L is higher than 3% (WHO et al., 1994; 2001). In school-children the level of TSH
measured together with free-thyroxine (FT4) determines the thyroid dysfunction (subclinical
or overt hypothyroidism) which has appeared in the context of iodine deficiency.

The major goal of IDD elimination programs is to ensure the sustained elimination of iodine
deficiency. The sustainability is evaluated by median UIE, besides other sustainability indi‐
cators (the proportion of households consuming adequately iodized salt, and programmatic
indicators, such as the effectiveness of public health authorities and salt industry to monitor
and control the whole procession). Sustained elimination of iodine deficiency is ensured if
the proportion of target population with UIE<100μg/L is under 50%, and of those with
UIE<50μg/L is below 20% (WHO et al., 2001).

1.8. Iodine requirement, IDD prophylaxis in school-age children

The human body needs very small amount of iodine (in average 200μg/day), but the in‐
take should be continuous. The recommended daily iodine intake varies by references. In
2001  the  WHO/UNICEF/ICCIDD  recommended 120μg/day  iodine  for  school-children  (6
to 12 years) and 150 μg for individuals above 12 years, but with these amounts the rec‐
ommended UIE of  100-200μg/L was  not  obtained,  reaching only  55-80μg/L.  In  addition
to table  salt,  iodization of  animal  food and bottled table  water  can contribute to  iodine
intake (Andersson et al., 2007; Szybinski, 2011).

1.9. Current iodine status worldwide

Iodine  deficiency  continues  to  be  a  major  public  health  problem  in  many  parts  of  the
world.  World statistics  show that  1.6  billion people  are  at  risk of  being affected by the
reduced  iodine  in  their  diet,  50  million  children  are  suffering  of  IDD  and  every  year
100.000 children are born with cretenism worldwide. In 2002 a number of 14 countries of
Western  and Central  Europe  have  reached a  normal  status  of  iodine  nutrition,  3  coun‐
tries  were  close  to  iodine  sufficiency,  but  13  countries,  including  Romania  did  remain
with persisting IDD (Delange, 2002).

The WHO/UNICEF/ICCIDD report published in 2007 stated that 70% of the world popula‐
tion had access to iodized salt (Andersson et al., 2007), although only 41 countries world‐
wide can be classified as consuming adequate iodine. Using the median UIE of <100μg/L as
the current indicator for insufficient iodine intake, 2 billion people remain at risk for iodine
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Urinary  iodine  excretion  (UIE)  is  a  sensitive  tool  to  indicate  the  present  iodine  status,
being  useful  to  evaluate  the  recent  changes  of  iodine  intake  in  the  target  population
(Gorstein, 2001).

Median UIE (μg/L) Iodine deficiency Iodine intake

< 20 severe insufficient

20-49 moderate insufficient

50-99 mild insufficient

Table 1. The degree of iodine deficiency in school-age children based on the median UIE, according to WHO
classification (WHO et al., 2001).

The frequency of goiter (total goiter prevalence – TGP) reflects the population’s history of
iodine nutrition but not its present iodine status, because thyroid size becomes normal for
months or years after the correction of iodine deficiency. This indicator is useful to assess
the severity of IDD at baseline and the long-term impact of control programs (de Benoist et
al., 2004), but it is of limited usefulness in assessing the impact of programs once salt iodiza‐
tion has commenced (WHO et al., 2001).

Indicator
The degree of iodine deficiency

mild moderate severe

Prevalence of goiter assessed by inspection and palpation

[%]
5-19.9 20-29.9 ≥30

Frequency of thyroid volume >97th percentile by

ultrasound* [%]
5-19.9 20-29.9 ≥30

Mean serum Tg level [ng/mL] 10-19.9 20-39.9 ≥40

*corresponding to the upper normal limit of thyroid volume

Table 2. The degree of iodine deficiency in school-age children based on goiter prevalence, according to WHO
classification (WHO et al., 1994, 2001).
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jective  bias  in  as  much  as  30-40%  of  the  cases  (Delange,  1994;  Gutekunst  &  Teichert,
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elaborated  (Delange  et  al.,  1997).  In  the  following  years  the  reevaluation  of  previous
measurements and the standardization of values in iodine-deficient regions were suggest‐
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deficiency. The sustainability is evaluated by median UIE, besides other sustainability indi‐
cators (the proportion of households consuming adequately iodized salt, and programmatic
indicators, such as the effectiveness of public health authorities and salt industry to monitor
and control the whole procession). Sustained elimination of iodine deficiency is ensured if
the proportion of target population with UIE<100μg/L is under 50%, and of those with
UIE<50μg/L is below 20% (WHO et al., 2001).

1.8. Iodine requirement, IDD prophylaxis in school-age children

The human body needs very small amount of iodine (in average 200μg/day), but the in‐
take should be continuous. The recommended daily iodine intake varies by references. In
2001  the  WHO/UNICEF/ICCIDD  recommended 120μg/day  iodine  for  school-children  (6
to 12 years) and 150 μg for individuals above 12 years, but with these amounts the rec‐
ommended UIE of  100-200μg/L was  not  obtained,  reaching only  55-80μg/L.  In  addition
to table  salt,  iodization of  animal  food and bottled table  water  can contribute to  iodine
intake (Andersson et al., 2007; Szybinski, 2011).

1.9. Current iodine status worldwide

Iodine  deficiency  continues  to  be  a  major  public  health  problem  in  many  parts  of  the
world.  World statistics  show that  1.6  billion people  are  at  risk of  being affected by the
reduced  iodine  in  their  diet,  50  million  children  are  suffering  of  IDD  and  every  year
100.000 children are born with cretenism worldwide. In 2002 a number of 14 countries of
Western  and Central  Europe  have  reached a  normal  status  of  iodine  nutrition,  3  coun‐
tries  were  close  to  iodine  sufficiency,  but  13  countries,  including  Romania  did  remain
with persisting IDD (Delange, 2002).

The WHO/UNICEF/ICCIDD report published in 2007 stated that 70% of the world popula‐
tion had access to iodized salt (Andersson et al., 2007), although only 41 countries world‐
wide can be classified as consuming adequate iodine. Using the median UIE of <100μg/L as
the current indicator for insufficient iodine intake, 2 billion people remain at risk for iodine
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deficiency (Andersson et al., 2007). The recent WHO/ICCIDD study on IDD carried out in
2011 showed that national surveys covered 114 countries, and since 2007 new data have
been obtained from 74 countries. From these data it emerged that populations of 37 coun‐
tries were still classified as iodine deficient, of which 9 had moderate and 28 mild deficiency.
IDD in population show a declining tendency, from 54% in 2003 to 47% in 2007 and 37% in
2011. Corresponding results for school-age children were 36.5%, 31.5% and 30.5%, respec‐
tively. However, only 32% of these studies were carried out in known iodine deficient areas.
In the European Union only 44% of population live in iodine sufficient areas (Andersson,
2011). The experience accumulated thus far has shown that the prevention and control of io‐
dine deficiency requires monitoring to be sustainable.

Endemic cretinism as the most severe complication of IDD was practically eradicated as late
as the second half of the 20th century by prophylactic programs conducted worldwide, but
serious consequences of IDD are persisting and currently iodine deficiency still remained a
major populational health problem.

The iodine status of Mureş County has not been evaluated since 2000. Similarly, the impact
of universal salt iodization program initiated in 2003 was not studied in Mureş County. In
2006 we proposed to evaluate the outcome of universal salt iodization in school-age children
from iodine-deficient regions of Mureş County, after the legislative changes targeting the
improvement of iodine status in Romania were initiated.

2. Objectives

Our primary objective was to evaluate the impact of universal salt iodization (with in‐
creased KIO3-content) at school-age children living in formerly iodine-deficient areas from
Mures County (mainly from rural mountainous regions). Secondly, we proposed to assess
the frequency and grade of endemic goiter, as well as of thyroid dysfunctions in children
from these well known iodine-deficient regions. Additionaly, we intended to diagnose other
etiological factors of goiter and hypothyroidism, such as juvenile chronic autoimmune thy‐
roiditis (Hashimoto’s disease).

3. Material and methods

Material. The target population was school-age children, having 8-14 years of age of both
sexes, living in mountainous rural localities of Mureş County known as iodine deficient re‐
gions in 1999-2000, before the implementation of universal salt iodization.

In October 2006 the team of endocrinologists from Endocrinology Clinic Târgu Mureş inves‐
tigated 135 school-children (Vth-VIIIth classes) from three villages known as endemic areas
in Gurghiu Valley: 55 children from Caşva, 30 from Glăjărie and 50 from Ibăneşti. The total
population of these three localities is estimated by the censuses of population and housing
realized in Romania in 2002: Caşva had 569, Glăjărie 1797 and Ibăneşti 2377 inhabitants.
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The endocrinologists arrived to schools located in the mentioned geographical areas, and
the children of classes between Vth-VIIIth were examined at the school’s health room. This
screening activity was previously planed, thus the children were told not to eat on the morn‐
ing of investigations.

Locality
Mean age

(years)
No. boys No. girls Total number

Caşva 11.51±1.89 34 21 55

Glăjărie 11.80±1.32 20 10 30

Ibăneşti 12.80±1.23 24 26 50

Total 12.05±1.64 78 (57.7%) 57 (42.3%) 135

Table 3. Mean age and gender distribution of school-children living in the studied mountainous villages of Mureş County

Methods. Data recording was completed with initials, age, gender, hight, weight, physical
examination, laboratory and imagistic information for every child. In all cases physical ex‐
amination and thyroid ultrasonography were performed, then urine and blood samples
were collected in order to measure UIE, the level of TSH (thyrotropin), free-thyroxine (FT4)
and anti-thyroid peroxidase antibodies (TPO-Ab).

Samples of drinking water and alimentary salt accesible in the local food marts in every lo‐
cality were collected in order to measure their iodine content.

Firstly family and personal history were taken, than physical examination and thyroid ultra‐
sonography were performed.

Family history of thyroid dysfunctions, goiter, or any known thyroid disease of parents and
other relatives was clarified. In the case of 82 children we could take a valuable familial
anamnesis. Personal history of thyroid disease also was registered.

Physical examination consisted of general examination of organs and segments of the body,
focusing on the possible signs and symptoms of thyroid disorders.

Anthropometric parameters were determined. Hight and weight were measured and com‐
pared to the standard, being calculated the height-SDS and weight-SDS. Normal height and
weight charts of Prader for both sexes from Switzerland reported in 1989 were used, as these
are accepted for children living in Romania and similar charts adapted for the Romanian
population are not available.

We distributed the casuistry in cohorts with/without hypothyroidism, with/without iodine
deficiency, and the mean height and weight of the group was calculated, as well as the data
between groups were compared by statistical means.

Local examination of the anterior and lateral cervical regions including the regional lymph
nodes represents an important part of the investigation. Inspection and palpation of thyroid
gland provided information about the size, consistency and surface of the thyroid, as well as
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deficiency (Andersson et al., 2007). The recent WHO/ICCIDD study on IDD carried out in
2011 showed that national surveys covered 114 countries, and since 2007 new data have
been obtained from 74 countries. From these data it emerged that populations of 37 coun‐
tries were still classified as iodine deficient, of which 9 had moderate and 28 mild deficiency.
IDD in population show a declining tendency, from 54% in 2003 to 47% in 2007 and 37% in
2011. Corresponding results for school-age children were 36.5%, 31.5% and 30.5%, respec‐
tively. However, only 32% of these studies were carried out in known iodine deficient areas.
In the European Union only 44% of population live in iodine sufficient areas (Andersson,
2011). The experience accumulated thus far has shown that the prevention and control of io‐
dine deficiency requires monitoring to be sustainable.

Endemic cretinism as the most severe complication of IDD was practically eradicated as late
as the second half of the 20th century by prophylactic programs conducted worldwide, but
serious consequences of IDD are persisting and currently iodine deficiency still remained a
major populational health problem.

The iodine status of Mureş County has not been evaluated since 2000. Similarly, the impact
of universal salt iodization program initiated in 2003 was not studied in Mureş County. In
2006 we proposed to evaluate the outcome of universal salt iodization in school-age children
from iodine-deficient regions of Mureş County, after the legislative changes targeting the
improvement of iodine status in Romania were initiated.

2. Objectives

Our primary objective was to evaluate the impact of universal salt iodization (with in‐
creased KIO3-content) at school-age children living in formerly iodine-deficient areas from
Mures County (mainly from rural mountainous regions). Secondly, we proposed to assess
the frequency and grade of endemic goiter, as well as of thyroid dysfunctions in children
from these well known iodine-deficient regions. Additionaly, we intended to diagnose other
etiological factors of goiter and hypothyroidism, such as juvenile chronic autoimmune thy‐
roiditis (Hashimoto’s disease).

3. Material and methods

Material. The target population was school-age children, having 8-14 years of age of both
sexes, living in mountainous rural localities of Mureş County known as iodine deficient re‐
gions in 1999-2000, before the implementation of universal salt iodization.

In October 2006 the team of endocrinologists from Endocrinology Clinic Târgu Mureş inves‐
tigated 135 school-children (Vth-VIIIth classes) from three villages known as endemic areas
in Gurghiu Valley: 55 children from Caşva, 30 from Glăjărie and 50 from Ibăneşti. The total
population of these three localities is estimated by the censuses of population and housing
realized in Romania in 2002: Caşva had 569, Glăjărie 1797 and Ibăneşti 2377 inhabitants.
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The endocrinologists arrived to schools located in the mentioned geographical areas, and
the children of classes between Vth-VIIIth were examined at the school’s health room. This
screening activity was previously planed, thus the children were told not to eat on the morn‐
ing of investigations.

Locality
Mean age

(years)
No. boys No. girls Total number

Caşva 11.51±1.89 34 21 55

Glăjărie 11.80±1.32 20 10 30

Ibăneşti 12.80±1.23 24 26 50

Total 12.05±1.64 78 (57.7%) 57 (42.3%) 135

Table 3. Mean age and gender distribution of school-children living in the studied mountainous villages of Mureş County

Methods. Data recording was completed with initials, age, gender, hight, weight, physical
examination, laboratory and imagistic information for every child. In all cases physical ex‐
amination and thyroid ultrasonography were performed, then urine and blood samples
were collected in order to measure UIE, the level of TSH (thyrotropin), free-thyroxine (FT4)
and anti-thyroid peroxidase antibodies (TPO-Ab).

Samples of drinking water and alimentary salt accesible in the local food marts in every lo‐
cality were collected in order to measure their iodine content.

Firstly family and personal history were taken, than physical examination and thyroid ultra‐
sonography were performed.

Family history of thyroid dysfunctions, goiter, or any known thyroid disease of parents and
other relatives was clarified. In the case of 82 children we could take a valuable familial
anamnesis. Personal history of thyroid disease also was registered.

Physical examination consisted of general examination of organs and segments of the body,
focusing on the possible signs and symptoms of thyroid disorders.

Anthropometric parameters were determined. Hight and weight were measured and com‐
pared to the standard, being calculated the height-SDS and weight-SDS. Normal height and
weight charts of Prader for both sexes from Switzerland reported in 1989 were used, as these
are accepted for children living in Romania and similar charts adapted for the Romanian
population are not available.

We distributed the casuistry in cohorts with/without hypothyroidism, with/without iodine
deficiency, and the mean height and weight of the group was calculated, as well as the data
between groups were compared by statistical means.

Local examination of the anterior and lateral cervical regions including the regional lymph
nodes represents an important part of the investigation. Inspection and palpation of thyroid
gland provided information about the size, consistency and surface of the thyroid, as well as
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the existence of palpable thyroid nodules and cervical lymph node enlargement. Goiter was
clinically defined according to the WHO criteria in 1960 for the classification of thyroid size
(Perez et al., 1960). Goiter was diagnosed if its size was grade 1a (palpable thyroid lobes
larger than the terminal phalanges of the subject's thumbs), grade 1b (visible with the ex‐
tended neck), grade 2 (visible with the head in normal position, but the goiter does not ex‐
tends beyond the medial edge of the sternocleidomastoidian muscles) or grade 3 (visible at a
distance and it extends beyond the previous limits) (Perez et al., 1960). Nodules in the thy‐
roid that is otherwise not enlarged fall into grade 1 category (Delange & Dunn, 2005). The
inspection and palpation of the anterior and lateral cervical regions were effectuated at all
school-age children included in our study.

Thyroid ultrasound (US) was performed in all cases by a portable instrument (Sono Ace 600
− SA-600) using a 7.5-MHz linear transducer. The volume of thyroid lobes was measured
and the total thyroid volume was calculated. The structure of thyroid tissue and the pres‐
ence/absence of thyroid nodules were also investigated.

The volume of each thyroid lobe was calculated by the formula: V = lenght × width × depth ×
0.479 (all values expressed in cm), than they were added together to obtain the total volume
of the gland. The isthmus was ignored unless a nodule was present. In our study the volume
of lobes was calculated automatically by the computer of the US equipment.

We evaluated our data according to values of ultrasound provided by the Thyromobil
project performed in Europe (Delange et al., 1997 – Table 4.) and to data furnished by Zim‐
mermann et al. (Zimmermann et al., 2004 – Table 5.) for all children with age between 6-12
years. The thyroid volume measured in 13-14 years-old adolescents was compared to values
provided by Delange et al., 1997.

The measured thyroid volumes were also adjusted to the body surface area (BSA) and the
obtained data were evaluated according to the upper normal limits (Table 5).

Body surface area was calculated using a variant of Dubois formula:

BSA (m²) = 0.007184 x Height(cm)0.725 x Weight(kg)0.425.

After evaluation of thyroid volume for every children, the frequency and the grade of goiter
was determined in the cohort.

Upper normal limit of thyroid volume (mL)

Age (years) 6 7 8 9 10 11 12 13 14 15

Boys 5.4 5.7 6.1 6.8 7.8 9.0 10.4 12.0 13.9 16.0

Girls 5.0 5.9 6.9 8.0 9.2 10.4 11.7 13.1 14.6 16.1

BSA (kg/m2) 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Boys 4.7 5.3 6.0 7.0 8.0 9.3 10.7 12.2 14.0 15.8

Girls 4.8 5.9 7.1 8.3 9.5 10.7 11.9 13.1 14.3 15.6

Table 4. Age- and BSA-adjusted upper normal limit of thyroid volume measured by ultrasound for children living in
iodine-sufficent areas (Delange et al., 1997).
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Median P97 of thyroid volume (mL)

Age (years) 6 7 8 9 10 11 12 13 14 15

Boys 2.91 3.29 3.71 4.19 4.73 5.34 6.03 - - -

Girls 2.84 3.26 3.76 4.32 4.98 5.73 6.59 - - -

BSA (kg/m2) 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Boys 2.95 3.32 3.73 4.2 4.73 5.32 5.98 6.73 7.57 -

Girls 2.91 3.32 3.79 4.32 4.92 5.61 6.40 7.29 8.32 -

Table 5. Age- and BSA-ajusted median values (97th percentile – P97) for thyroid volume measured by ultrasound for
children living in iodine-sufficent areas (Zimmermann et al., 2004).

The standards of normal thyroid volume according to age and BSA are very different in the
references, so at last we evaluated our results on the basis of the values obtained in the re‐
gion surrounding Iaşi, (in Moldova, eastern part of Romania) provided by the team of endo‐
crinologists from Iaşi (Vulpoi et al., 2002; Zbranca et al., 2008).

Intellectual capacity of 59 children was evaluated by school performances provided by the
school’s teaching and medical stuff. School performance spectrum was distributed into four
subgroups: very good, good, mediocre and low capacity.

In order to measure urinary iodine excretion (UIE), the 24-hours urine was collected, than
the whole urine quantity was mixed and a 50mL sample was retained and transported to the
laboratory. Urinary iodine concentration was determined with the colorimetric procedure
based on the Sandell-Kolthoff reaction, using ammonium persulfate (WHO et al., 2001;
Dunn et al., 1993).

After obtaining absolute urinary iodine levels for individuals, mean and median UIE values
were calculated for our studied groups.

Urinary iodine excretion measurement expressed in μg/L refers to the median value of the
UIE calculated for the target population. We estimated the impact of universal salt iodiza‐
tion to eliminate iodine deficiency at school-age children by the interpretation of UIE based
on WHO criteria (Table 1).

The assessment of thyroid function was also performed. Serum TSH, FT4 and TPO-Ab lev‐
els were determined from 5 mL total blood collected by venipuncture into heparinized
tubes.

Serum TSH and free-T4 levels were measured from venous blood in the morning in all chil‐
dren included in the study. Third generation ECLIA (electrochemiluminescence immunoas‐
say) was applied at the Central Laboratory of Emergency Clinical Hospital Mureş County.
Normal range for TSH was considered between 0.27-4.2mIU/L and for FT4 between
0.932-1.71ng/dL. We evaluated the presence and the severity of hypothyroidism, being diag‐
nosed overt primary hypothyroidism in case of high TSH with reduced FT4, and subclinical
form if TSH was increased and FT4 normal or at the lower normal limit.
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the existence of palpable thyroid nodules and cervical lymph node enlargement. Goiter was
clinically defined according to the WHO criteria in 1960 for the classification of thyroid size
(Perez et al., 1960). Goiter was diagnosed if its size was grade 1a (palpable thyroid lobes
larger than the terminal phalanges of the subject's thumbs), grade 1b (visible with the ex‐
tended neck), grade 2 (visible with the head in normal position, but the goiter does not ex‐
tends beyond the medial edge of the sternocleidomastoidian muscles) or grade 3 (visible at a
distance and it extends beyond the previous limits) (Perez et al., 1960). Nodules in the thy‐
roid that is otherwise not enlarged fall into grade 1 category (Delange & Dunn, 2005). The
inspection and palpation of the anterior and lateral cervical regions were effectuated at all
school-age children included in our study.

Thyroid ultrasound (US) was performed in all cases by a portable instrument (Sono Ace 600
− SA-600) using a 7.5-MHz linear transducer. The volume of thyroid lobes was measured
and the total thyroid volume was calculated. The structure of thyroid tissue and the pres‐
ence/absence of thyroid nodules were also investigated.

The volume of each thyroid lobe was calculated by the formula: V = lenght × width × depth ×
0.479 (all values expressed in cm), than they were added together to obtain the total volume
of the gland. The isthmus was ignored unless a nodule was present. In our study the volume
of lobes was calculated automatically by the computer of the US equipment.

We evaluated our data according to values of ultrasound provided by the Thyromobil
project performed in Europe (Delange et al., 1997 – Table 4.) and to data furnished by Zim‐
mermann et al. (Zimmermann et al., 2004 – Table 5.) for all children with age between 6-12
years. The thyroid volume measured in 13-14 years-old adolescents was compared to values
provided by Delange et al., 1997.

The measured thyroid volumes were also adjusted to the body surface area (BSA) and the
obtained data were evaluated according to the upper normal limits (Table 5).

Body surface area was calculated using a variant of Dubois formula:

BSA (m²) = 0.007184 x Height(cm)0.725 x Weight(kg)0.425.

After evaluation of thyroid volume for every children, the frequency and the grade of goiter
was determined in the cohort.

Upper normal limit of thyroid volume (mL)

Age (years) 6 7 8 9 10 11 12 13 14 15

Boys 5.4 5.7 6.1 6.8 7.8 9.0 10.4 12.0 13.9 16.0

Girls 5.0 5.9 6.9 8.0 9.2 10.4 11.7 13.1 14.6 16.1

BSA (kg/m2) 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Boys 4.7 5.3 6.0 7.0 8.0 9.3 10.7 12.2 14.0 15.8

Girls 4.8 5.9 7.1 8.3 9.5 10.7 11.9 13.1 14.3 15.6

Table 4. Age- and BSA-adjusted upper normal limit of thyroid volume measured by ultrasound for children living in
iodine-sufficent areas (Delange et al., 1997).
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Median P97 of thyroid volume (mL)

Age (years) 6 7 8 9 10 11 12 13 14 15

Boys 2.91 3.29 3.71 4.19 4.73 5.34 6.03 - - -

Girls 2.84 3.26 3.76 4.32 4.98 5.73 6.59 - - -

BSA (kg/m2) 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Boys 2.95 3.32 3.73 4.2 4.73 5.32 5.98 6.73 7.57 -

Girls 2.91 3.32 3.79 4.32 4.92 5.61 6.40 7.29 8.32 -

Table 5. Age- and BSA-ajusted median values (97th percentile – P97) for thyroid volume measured by ultrasound for
children living in iodine-sufficent areas (Zimmermann et al., 2004).

The standards of normal thyroid volume according to age and BSA are very different in the
references, so at last we evaluated our results on the basis of the values obtained in the re‐
gion surrounding Iaşi, (in Moldova, eastern part of Romania) provided by the team of endo‐
crinologists from Iaşi (Vulpoi et al., 2002; Zbranca et al., 2008).

Intellectual capacity of 59 children was evaluated by school performances provided by the
school’s teaching and medical stuff. School performance spectrum was distributed into four
subgroups: very good, good, mediocre and low capacity.

In order to measure urinary iodine excretion (UIE), the 24-hours urine was collected, than
the whole urine quantity was mixed and a 50mL sample was retained and transported to the
laboratory. Urinary iodine concentration was determined with the colorimetric procedure
based on the Sandell-Kolthoff reaction, using ammonium persulfate (WHO et al., 2001;
Dunn et al., 1993).

After obtaining absolute urinary iodine levels for individuals, mean and median UIE values
were calculated for our studied groups.

Urinary iodine excretion measurement expressed in μg/L refers to the median value of the
UIE calculated for the target population. We estimated the impact of universal salt iodiza‐
tion to eliminate iodine deficiency at school-age children by the interpretation of UIE based
on WHO criteria (Table 1).

The assessment of thyroid function was also performed. Serum TSH, FT4 and TPO-Ab lev‐
els were determined from 5 mL total blood collected by venipuncture into heparinized
tubes.

Serum TSH and free-T4 levels were measured from venous blood in the morning in all chil‐
dren included in the study. Third generation ECLIA (electrochemiluminescence immunoas‐
say) was applied at the Central Laboratory of Emergency Clinical Hospital Mureş County.
Normal range for TSH was considered between 0.27-4.2mIU/L and for FT4 between
0.932-1.71ng/dL. We evaluated the presence and the severity of hypothyroidism, being diag‐
nosed overt primary hypothyroidism in case of high TSH with reduced FT4, and subclinical
form if TSH was increased and FT4 normal or at the lower normal limit.
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The level of anti-thyroid peroxidase antibodies (TPO-Ab) was measured in every school-
children. Values under 50IU/mL were considered normal. TPO-Ab above 50IU/mL indicates
the presence of juvenile form of Hashimoto’s thyroiditis.

Iodine content of drinking water in each village in question was measured. Water samples
were collected from the main fountains used by the majority of inhabitants in every locali‐
ties, and from the water supply network in the school, respectively. These samples were
processed by the Laboratory Unit Mureş of the Romanian Academic Research Institute. The
iodine-concentration of water under 50μg/L was considered low.

Iodine content of alimentary salt available in the local food marts was also determined. Ac‐
cording to the legislative measures the iodine content of the salt must be between
25.5-42.5mg/kg of potassium iodate (KIO3).

The collected data were systematised and statistically processed. The parameters between
groups were compared statistically with T-Student test and Chi-square-test. Homologue pa‐
rameters between the groups were considered statistically different, if P-value<0.05.

4. Results

Anthropometric parameters of the 135 school-age children living in the three studied moun‐
tainous villages (Caşva, Glăjărie, Ibăneşti,) show similar distribution (Table 6.). From the
whole cohort 6 children had height below --2SD (mean -2.27±0.24).

Family history was positive for thyroid disturbances (including goiter) in 11 children from
the 82 cases with precise data (13.4%). A proportion of 54.5% of children (6/11) with positive
family history presented goiter and/or hypothyroidism vs. 32.4% (23/71) of individuals
without family history for thyroid condition. The difference between the groups was not sig‐
nificant (P-value: 0.18, OR: 2.50, 95%CI: 0.69-9.07).

Parameter
Studied villages from Mureş County

whole cohort
Caşva Glăjărie Ibăneşti

Mean W-SDS [SD] +0.13±1.06 +0.32±1.18 -0.11±1.20 +0.08±1.15
Minimum W-SDS [SD] -2.26 -2.58 -2.88 -2.88
Median W-SDS [SD] -0.06 +0.34 +0.005 +0.18
Maximum W-SDS [SD] +3.18 +2.44 +2.79 +3.18
Mean H-SDS [SD] -0.10±0.98 +0.07±1.10 +0.02±1.05 -0.01±1.03
Minimum H-SDS [SD] -2.28 -2.72 -2.30 -2.72
Median H-SDS [SD] -0.04 +0.005 +0.18 0.00
Maximum H-SDS [SD] +2.33 +2.20 +2.43 +2.43

W- and H-SDS: weight and height standard deviation score

Table 6. Anthropometric parameters of school-age children living in mountainous villages from Mureş County
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Physical  examination  of  the  anterior  and  lateral  cervical  regions  has  shown  a  51.1%
owerall  goiter  frequency.  In  all  cases  diffuse  goiter  was  palpable.  In  more  than half  of
the cases only small goiter (grade Ia) was present, and goiter grade II was met very rare‐
ly (6.7% of all children).

Locality
Number of

cases

Thyroid size on physical examination Owerall goiter

frequencyGrade 0 Grade Ia Grade Ib Grade II

Caşva 55
56.4%

(31/55)

27.3%

(15/55)

10.9%

(6/55)

5.4%

(3/55)

43.6%

(24/55)

Glăjărie 30
53.3%

(16/30)

26.7%

(8/30)

16.7%

(5/30)

3.3%

(1/30)

46.7%

(14/30)

Ibăneşti 50
36%

(18/50)

30%

(15/50)

22%

(11/50)

10%

(5/50)

62%

(31/50)

Total 135 48.1% 28.1% 16.3% 6.7% 51.1%

Table 7. The distribution of thyroid size according to WHO classification

Thyroid volume assessment by ultrasound Thyroid ultrasound was performed in every
child enrolled in our study in 2006, the data regarding thyroid volume were calculated in
function to age and BSA (Tables 8. and 9.).

Age

[years]

Subjects

[number]

Thyroid volume [mL]

Min. Max. Median Mean

8 5 2.77 5.23 3.16 3.67±1.04

9 7 3.18 4.87 3.67 3.82±0.63

10 10 4.11 10.24 5.29 5.82±1.77

11 24 3.62 8.37 6.36 6.01±1.61

12 26 2.65 21 5.71 6.46±3.42

13 33 4.45 16.04 7.86 8.42±3.09

14 30 3.61 13.18 7.73 8.17±2.47

Table 8. Age-related minimum, maximum, median, and mean thyroid volume measured by ultrasound in the
investigated school-children
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rameters between the groups were considered statistically different, if P-value<0.05.
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whole cohort 6 children had height below --2SD (mean -2.27±0.24).

Family history was positive for thyroid disturbances (including goiter) in 11 children from
the 82 cases with precise data (13.4%). A proportion of 54.5% of children (6/11) with positive
family history presented goiter and/or hypothyroidism vs. 32.4% (23/71) of individuals
without family history for thyroid condition. The difference between the groups was not sig‐
nificant (P-value: 0.18, OR: 2.50, 95%CI: 0.69-9.07).
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whole cohort
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Median W-SDS [SD] -0.06 +0.34 +0.005 +0.18
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Thyroid volume assessment by ultrasound Thyroid ultrasound was performed in every
child enrolled in our study in 2006, the data regarding thyroid volume were calculated in
function to age and BSA (Tables 8. and 9.).

Age

[years]

Subjects

[number]

Thyroid volume [mL]

Min. Max. Median Mean

8 5 2.77 5.23 3.16 3.67±1.04

9 7 3.18 4.87 3.67 3.82±0.63

10 10 4.11 10.24 5.29 5.82±1.77

11 24 3.62 8.37 6.36 6.01±1.61

12 26 2.65 21 5.71 6.46±3.42

13 33 4.45 16.04 7.86 8.42±3.09

14 30 3.61 13.18 7.73 8.17±2.47

Table 8. Age-related minimum, maximum, median, and mean thyroid volume measured by ultrasound in the
investigated school-children
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BSA

[m2]

Subjects

[number]

Thyroid volume [mL]

Min. Max. Median Mean

0.8 1 2.77

0.9 1 7.15

1.0 11 2.95 9.03 4.66 4.70±1.64

1.1 17 3.18 6.80 4.87 4.78±1.01

1.2 24 2.65 9.02 5.34 5.78±1.89

1.3 18 3.15 11.78 6.71 7.29±2.38

1.4 30 3.62 14.80 6.78 7.06±2.83

1.5 19 5.60 14.55 7.61 8.86±2.69

1.6 5 6.62 9.41 7.85 7.93±1.01

1.7 9 7.17 21.00 10.73 11.80±4.39

Table 9. BSA-related minimum, maximum, median, and mean thyroid volume measured by ultrasound in the
investigated school-children

The thyroid volume of every child was compared to data furnished by Delange et al. in 1997
and Zimmermann et al. in 2004 (see Tables 4. and 5.), then the frequency of goiter in the
studied villages from Mureş County was determined.
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Figure 1. The frequency of goiter in school-children living in mountainous villages from Mureş County, Romania. Goi‐
ter 1 – the results evaluated according to Delange et al. 1997; Goiter 2 – the results were classified corresponding to
data of Zimmermann et al. 2004.

Figure 1. shows a very variable goiter frequency according to the used standards, being situ‐
ated between 5.4-57.7% in Caşva, between 0-82.1% in Glăjărie and between 4-63.6% in
Ibăneşti. Evaluation of our results based on the normal values provided by Iaşi County, a
formerly iodine-deficient Romanian region (Zbranca et al., 2008), shows that goiter was de‐
tected in 9 (16.3%) children living in Caşva, in 4 (13.3%) school-children from Glăjărie, and
in 14 (28%) subjects from Ibăneşti.
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The frequency of goiter in the whole investigated group was 20% (27 children from the total
number of 135 cases), compared to standards provided by Vulpoi et al., 2002, Zbranca et al.,
2008. All cases of goiter were diffuse.

The frequency of goiter assessed by physical examination and ultrasound were compared,
and distributed regarding to gender. The overall goiter frequency provided by ultrasound
was significantly higher in girls than in boys (28% vs. 14.1%). Thyroid enlargement was al‐
most similar in both sexes in the subgroup from Caşva, twice and more than three times
higher in girls from Glăjărie and Ibăneşti, respectively, although stratified data according to
localities show non-significant differences between the subgroups (Table 10).

Locality

Frequency of goiter assessed by physical

examination
Frequency of goiter assessed by ultrasound

Girls Boys Girls Boys

Caşva 47.6% (10/21) 41.1% (14/34) 14.2% (3/21) 17.6% (6/34)

Not significant (NS) Not significant (NS)

Glăjărie 50% (5/10) 45% (9/20) 20% (2/10) 10% (2/20)

NS NS

Ibăneşti 73% (19/26) 50% (12/24) 42.3% (11/26) 12.5% (3/24)

NS NS

Total 59.6% (34/57) 44.8% (35/78) 28% (16/57) 14.1% (11/78)

P:0.11, RR:1.32, 95%CI:0.959-1.841 P:0.052, RR:1.99, 95%CI:1.001-3.959

Table 10. Gender distribution of frequency of goiter assessed by physical examination and thyroid ultrasound

We divided the cohort in two groups according to age: one group with children between
6-12 years (72 cases) and the other with subjects between 12-14 years (63 cases). The frequen‐
cy of goiter assessed by physical examination in the first group was 40.2% (29/72) with no
difference between sexes (48.2% in girls and 41.8% in boys), and 58.7% (37/63) in the second
group with difference almost significant between sexes (71.4% in girls and 48.5% in boys, P:
0.078, OR: 2.64, 95%CI: 0.9221-7.599).

Urinary iodine excretion measurement

In 2006, at about 2-2.5 years after the implementation in practice of universal salt iodization
the mean UIE of the 135 children living in the three mentioned villages from Gurghiu Valley
was 85.37±60.05μg/L. The median UIE of 74.88μg/L indicates globally a mild iodine deficien‐
cy, but stratified data show large interindividual variations within children.
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The thyroid volume of every child was compared to data furnished by Delange et al. in 1997
and Zimmermann et al. in 2004 (see Tables 4. and 5.), then the frequency of goiter in the
studied villages from Mureş County was determined.

5.4
0 4

9.1
6.6

16

41.6

65.2

22.2

57.7

82.1

63.6

0
10
20
30
40
50
60
70
80
90

100

Caşva Glăjărie Ibăneşti

Goiter 1 (age-related)

Goiter 1 (BSA-related)

Goiter 2 (age-related)

Goiter 2 (BSA-related)

Frequency of goiter (%)

Figure 1. The frequency of goiter in school-children living in mountainous villages from Mureş County, Romania. Goi‐
ter 1 – the results evaluated according to Delange et al. 1997; Goiter 2 – the results were classified corresponding to
data of Zimmermann et al. 2004.

Figure 1. shows a very variable goiter frequency according to the used standards, being situ‐
ated between 5.4-57.7% in Caşva, between 0-82.1% in Glăjărie and between 4-63.6% in
Ibăneşti. Evaluation of our results based on the normal values provided by Iaşi County, a
formerly iodine-deficient Romanian region (Zbranca et al., 2008), shows that goiter was de‐
tected in 9 (16.3%) children living in Caşva, in 4 (13.3%) school-children from Glăjărie, and
in 14 (28%) subjects from Ibăneşti.
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The frequency of goiter in the whole investigated group was 20% (27 children from the total
number of 135 cases), compared to standards provided by Vulpoi et al., 2002, Zbranca et al.,
2008. All cases of goiter were diffuse.

The frequency of goiter assessed by physical examination and ultrasound were compared,
and distributed regarding to gender. The overall goiter frequency provided by ultrasound
was significantly higher in girls than in boys (28% vs. 14.1%). Thyroid enlargement was al‐
most similar in both sexes in the subgroup from Caşva, twice and more than three times
higher in girls from Glăjărie and Ibăneşti, respectively, although stratified data according to
localities show non-significant differences between the subgroups (Table 10).
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P:0.11, RR:1.32, 95%CI:0.959-1.841 P:0.052, RR:1.99, 95%CI:1.001-3.959

Table 10. Gender distribution of frequency of goiter assessed by physical examination and thyroid ultrasound

We divided the cohort in two groups according to age: one group with children between
6-12 years (72 cases) and the other with subjects between 12-14 years (63 cases). The frequen‐
cy of goiter assessed by physical examination in the first group was 40.2% (29/72) with no
difference between sexes (48.2% in girls and 41.8% in boys), and 58.7% (37/63) in the second
group with difference almost significant between sexes (71.4% in girls and 48.5% in boys, P:
0.078, OR: 2.64, 95%CI: 0.9221-7.599).

Urinary iodine excretion measurement

In 2006, at about 2-2.5 years after the implementation in practice of universal salt iodization
the mean UIE of the 135 children living in the three mentioned villages from Gurghiu Valley
was 85.37±60.05μg/L. The median UIE of 74.88μg/L indicates globally a mild iodine deficien‐
cy, but stratified data show large interindividual variations within children.
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Figure 2. Distribution of individual values of UIE in school-children living in the three studied villages from Mureş
County in 2006

UIE below normal range was detected in 68.1% of the cohort. The proportion of UIE
<50μg/L reached 30.3%, and that of UIE <100μg/L was 68.1%, which are above the maximal
values (20% for UIE <50μg/L and 50% for UIE <100μg/L) of adequate iodine-supply condi‐
tions. A large part of the group (60.9%) had mildly or moderately low UIE.

Indicators of iodine status
Data from the studied villages

Whole cohort
Caşva Glăjărie Ibăneşti

Mean UIE [μg/L] 72.91 75.42 117.84 85.37

Median UIE [μg/L] 67.00 53.50 81.00 74.88

Mean UIE ± SD [μg/L] 72.91±48.63 75.42±60.30 117.84±91.95 85.37±60.05

Frequency of cases with

UIE<100μg/L [%]

67.3

(37/55 cases)

76.6

(23/30 cases)

64

(32/50 cases)

68.1

(92/135)

Frequency of cases with

UIE<50μg/L [%]

40

(22/55 cases)

36.6

(11/30 cases)

16

(8/50 cases)

30.3

(41/135)

Frequency of goiter assessed by US

[%]

16.3

(9/55 cases)

13.3

(4/30 cases)

28

(14/50 cases)

20

(27/135)

Table 11. The indicators of iodine status and of universal salt iodization program sustainability in school-children from
mountainous villages in 2006

Thyroid function. In the whole group mean TSH level was 2.32±1.04mIU/L and mean FT4

concentration 1.07±0.12ng/dL. These values are situated in the normal range, but individual
hormonal results showed primary hypothyroidism in 24 (17,7%) children. Fifteen of them
had mild overt hypothyroidism and 9 subclinical form, the mean TSH being 5.28±0.73mIU/L
(normal: 0.27-4.2) and mean FT4 0.86±0.05ng/dL (normal: 0.932-1.70).

In Caşva the mean TSH was normal (2.34±1.00mIU/L). Nine (16.3%) children had primary
hypothyroidism. In Glăjărie the mean TSH and FT4 were also normal (2.12±0.93mIU/L and
1.08±0.13, respectively), and 5 school-children (16.6%) were detected with hypothyroidism
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(4 mild overt and 1 subclinical form). In Ibăneşti 10 subjects (20%) were diagnosed with thy‐
roid insufficiency (6 mild overt and 4 subclinical).

We did not detect any case of hyperthyroidism.

TPO-Ab was negative (<50IU/mL) in all 135 cases, which means that juvenile chronic auto‐
immune thyroiditis was not met in this cohort, and hypothyroidism was not caused by this
thyroid disease, rather it was induced by iodine deficiency.

We did not found considerable or significant differences of somatic development in children
with or without iodine-deficiency, with or without hypothyroidism.

Intellectual performances of 59 children were recorded, and than we distributed them into
two groups: one (1. subgroup) with children having mediocre and low learning capacity (32
cases), and the other (2. subgroup) consisting of individuals with good or very good per‐
formances (27 cases). The goiter frequency based on ultrasound was 22.5% in the first, and
17.8% in the second group (P-value >0.05). We compared the mean UIE, TSH and FT4 be‐
tween the subgroups of children with different school performances, but we did not found
significant differences, excepting a tendency of reducing school performances with the grad‐
ually increasing values of TSH and decreasing levels of FT4 (Figure 3.).

Our results recorded in 2006 show that the water sample from Caşva contains 3.8μg/L io‐
dine, and the iodized alimentary salt 16.02mg/kg (which was lower than the ordered con‐
centration of 34±8.5mg/kg). In Glăjărie the iodine content of the water from the central
fountain was 1.0μg/L, from the parish yard 1.9μg/L, in the running water from the school
0.45μg/L and from the medical unit 4.2 μg/L. The iodine content of water from Ibăneşti was
0.6μg/L and of the iodized alimentary salt 51.64mg/kg (which was higher than the allowed
upper normal concentration).
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Figure 3. The mean TSH and FT4 levels in subgroups of children distributed according to school performances
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Figure 2. Distribution of individual values of UIE in school-children living in the three studied villages from Mureş
County in 2006

UIE below normal range was detected in 68.1% of the cohort. The proportion of UIE
<50μg/L reached 30.3%, and that of UIE <100μg/L was 68.1%, which are above the maximal
values (20% for UIE <50μg/L and 50% for UIE <100μg/L) of adequate iodine-supply condi‐
tions. A large part of the group (60.9%) had mildly or moderately low UIE.
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76.6

(23/30 cases)

64

(32/50 cases)

68.1

(92/135)

Frequency of cases with

UIE<50μg/L [%]

40

(22/55 cases)

36.6

(11/30 cases)

16

(8/50 cases)

30.3

(41/135)

Frequency of goiter assessed by US

[%]

16.3

(9/55 cases)

13.3

(4/30 cases)

28

(14/50 cases)

20

(27/135)

Table 11. The indicators of iodine status and of universal salt iodization program sustainability in school-children from
mountainous villages in 2006

Thyroid function. In the whole group mean TSH level was 2.32±1.04mIU/L and mean FT4

concentration 1.07±0.12ng/dL. These values are situated in the normal range, but individual
hormonal results showed primary hypothyroidism in 24 (17,7%) children. Fifteen of them
had mild overt hypothyroidism and 9 subclinical form, the mean TSH being 5.28±0.73mIU/L
(normal: 0.27-4.2) and mean FT4 0.86±0.05ng/dL (normal: 0.932-1.70).

In Caşva the mean TSH was normal (2.34±1.00mIU/L). Nine (16.3%) children had primary
hypothyroidism. In Glăjărie the mean TSH and FT4 were also normal (2.12±0.93mIU/L and
1.08±0.13, respectively), and 5 school-children (16.6%) were detected with hypothyroidism
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(4 mild overt and 1 subclinical form). In Ibăneşti 10 subjects (20%) were diagnosed with thy‐
roid insufficiency (6 mild overt and 4 subclinical).

We did not detect any case of hyperthyroidism.

TPO-Ab was negative (<50IU/mL) in all 135 cases, which means that juvenile chronic auto‐
immune thyroiditis was not met in this cohort, and hypothyroidism was not caused by this
thyroid disease, rather it was induced by iodine deficiency.

We did not found considerable or significant differences of somatic development in children
with or without iodine-deficiency, with or without hypothyroidism.

Intellectual performances of 59 children were recorded, and than we distributed them into
two groups: one (1. subgroup) with children having mediocre and low learning capacity (32
cases), and the other (2. subgroup) consisting of individuals with good or very good per‐
formances (27 cases). The goiter frequency based on ultrasound was 22.5% in the first, and
17.8% in the second group (P-value >0.05). We compared the mean UIE, TSH and FT4 be‐
tween the subgroups of children with different school performances, but we did not found
significant differences, excepting a tendency of reducing school performances with the grad‐
ually increasing values of TSH and decreasing levels of FT4 (Figure 3.).

Our results recorded in 2006 show that the water sample from Caşva contains 3.8μg/L io‐
dine, and the iodized alimentary salt 16.02mg/kg (which was lower than the ordered con‐
centration of 34±8.5mg/kg). In Glăjărie the iodine content of the water from the central
fountain was 1.0μg/L, from the parish yard 1.9μg/L, in the running water from the school
0.45μg/L and from the medical unit 4.2 μg/L. The iodine content of water from Ibăneşti was
0.6μg/L and of the iodized alimentary salt 51.64mg/kg (which was higher than the allowed
upper normal concentration).
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Figure 3. The mean TSH and FT4 levels in subgroups of children distributed according to school performances

Detection of Iodine Deficiency Disorders (Goiter and Hypothyroidism) in School-Children…
http://dx.doi.org/10.5772/54188

117



5. Discussion

In 2003 the Romanian governmental decision regarding universal salt iodization was im‐
plemented into practice, and in 2006, after about 2.5-3 years, we evaluated the impact of
this program in regions of Mureş County known as moderate or mild iodine deficient.

In order to evaluate the impact of universal salt iodization program in Romania in the con‐
text of national strategy on the elimination of iodine deficiency disorders from 2003, we
compared our results reflecting iodine status in localities from Mureş County after the im‐
plementation of this program with those before it. Thus, we compared the indicators of io‐
dine status in Mureş County reported in 1998-1999 by Balázs et al. (1998; 2000/a; 2000/b),
before the governmental measures, with the same indicators measured by us in 2006. The
mentioned data in 1998/99 were obtained in the superior and middle hydrographic basin of
the Mureş river, investigating a group of 508 school-children living in areas surrounding lo‐
cality Deda (situated in a mountainous region in Mureş County). From the 508 school-age
children 26.97% (137 cases) were living in urban and 73.03% (371) in rural localities.

Physical examination of thyroid gland by palpation and inspection was performed in both
studies (in 1998/99 and in that presented now). Thyroid size determined by local physical
examination was evaluated according to WHO criteria (0, Ia, Ib, II, III subgroups) in the
mentioned former studies. According to the Bourdoux classification the volume of thyroid
gland was enlarged by palpation in 45.27% of children: grade Ia goiter observed in 29.92%
(152 cases), grade Ib in 14.17% (72), and grade II in 1.18% (6 children). Those studies high‐
lighted the high frequency of low grade goiter in rural localities in comparison with a lower
frequency observed in urban regions (Balázs et al., 1998).

In the present work physical examination shows an owerall goiter frequency of 51.9%, pre‐
vailing small goiters (grade Ia) in all studied villages (more than half of goiters), large goi‐
ters being very rare (grade II only in 6.7% of all cohort). Comparing the data of the two
series we could not found any improvement in the overall frequency of goiter (45.28% in
1999 vs. 51.1% in 2006), but we must take into account, that in the previous study children
came from several localities (including Târgu Mureş, the capital city of Mureş County) with
different iodine status (mild or moderate iodine deficient, as well as with normal iodine sup‐
ply). A considerable number of the enrolled children were from Târgu Mureş, a city which
proved to be without iodine deficiency. In the present work we focused on mountainous vil‐
lages, known before as iodine deficient regions, some of them (Caşva and Glăjărie) known
partly isolated in socioeconomical and geographical point of view.

In  our  study physical  examination  of  thyroid  gland shows variable  goiter  frequency in
the  three  localities:  it  is  the  highest  in  Ibăneşti  (62.0%)  vs.  the  other  two  localities
(46.7% in  Glăjărie  and 43.6% in  Caşva).  This  result  is  not  in  concordance  with  the  fact
that Ibăneşti  is  the largest  among the three localities,  with better socioeconomical  status
and  lesser  isolated.  An  explanation  might  reside  in  the  differences  in  age,  gender  and
pubertal stage of the children. In Ibăneşti the mean chronological age of school-age chil‐
dren enrolled in  the  study is  higher  (12.05  years  vs.  11.51  and 11.80  years  in  the  other
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two  localities),  and  the  distribution  between  sexes  is  almost  1:1  (differing  evidently
from  boys:girls-ratio  of  2:1  in  Glăjărie  and  3:2  in  Caşva).  Taking  into  account  that  the
girls  from  Ibăneşti  were  older,  between  12-14-years,  the  pubertal  stage  was  higher  in
this group. Balázs et  al.  (1998) have reported the increased incidence of grade Ib and II
goiter  in children with pubertal  onset  compared to those being in prepubertal  stage,  as
pubertal  onset  is  an important  facilitating factor  for  goiter  development.  This  is  in  con‐
cordance  with  our  data,  too,  related  to  gender.  The  overall  goiter  frequency  provided
by  ultrasound was  significantly  higher  in  girls  than  in  boys  (28% vs.  14.1%):  although
goiter  appeared  almost  with  the  same  frequency  in  both  sexes  from  Caşva  (14.2%  in
girls  and  17.6% in  boys),  but  it  was  more  than  3-times  more  frequent  in  girls  than  in
boys  living  in  Ibăneşti  (42.3%  vs.  12.5%).  Euthyroid  pubertal  goiter  is  especially  fre‐
quent in adolescents,  because iodine metabolism is accelerated during this period of life
(Delange & Ermans, 1967).

Than we compared our data obtained in 2006 to the results recorded during April-June 1999
at school-age children living in Deda, a mountainous rural locality, presumed as iodine defi‐
cient area. In that study 36.22% of the children had goiter, mainly of small size, without con‐
siderable differences between the sexes (Balázs et al., 2000/a) – the goiter being assessed by
inspection/palpation. This result is similar to that in the present study (40.2% in children
with age between 6-12 years), without any significant differences between the groups. It
must be emphasized, that the lack of gender differences may be attributed to inspection/
palpation method for the diagnosis of goiter. Taking into account the subjectivity and bias of
physical examination of thyroid gland, especially in young children, as this method of eval‐
uation estimates goiter presence with an error as much as 30-40%, our interpretation was
based mainly on thyroid ultrasound.

The objective determination of thyroid volume by ultrasound provided the exact size of the
thyroid, however it was difficult to chose the adequate standards for the normal thyroid vol‐
ume fitting to the goiter estimation in our region. The references published during the last
2-3 decades provide very variable standards for the upper normal limit of thyroid utra‐
sound volumetry adjusted for age, gender and BSA.

We evaluated firstly the age- and BSA-adjusted goiter frequency compared to the reference
values provided by the Thyromobile survey accross Europe (Delange et al., 1997), and there‐
after we reevaluated the results according to parameters published by Zimmermann (2004),
but we obtained very different results (Figure 1.). After all we chose the standards provided
by a team of endocrinologists from Iaşi performed on a cohort living in a formerly iodine
deficient Romanian region (Vulpoi et al., 2002; Zbranca et al., 2008). Thus, goiter frequency
in our cohort assessed by ultrasound was 20%, with a considerable difference between the
sexes (28% in girls and 14.1% in boys).

In the study of Balázs et al. (2000/a) thyroid ultrasonography was also performed in 83 chil‐
dren living in Târgu Mureş. The mean thyroid volume determined by ultrasound among
these children was 5.22±1.51cm3, adjusted to a mean body surface area of 1.23±0.14 m2. Goi‐
ter evaluated by ultrasound was detected in 33.73% of the children, mainly small goiters
(grade Ia), predominantly in girls (about 2/3 in girls and 1/3 in boys).

Detection of Iodine Deficiency Disorders (Goiter and Hypothyroidism) in School-Children…
http://dx.doi.org/10.5772/54188

119



5. Discussion

In 2003 the Romanian governmental decision regarding universal salt iodization was im‐
plemented into practice, and in 2006, after about 2.5-3 years, we evaluated the impact of
this program in regions of Mureş County known as moderate or mild iodine deficient.

In order to evaluate the impact of universal salt iodization program in Romania in the con‐
text of national strategy on the elimination of iodine deficiency disorders from 2003, we
compared our results reflecting iodine status in localities from Mureş County after the im‐
plementation of this program with those before it. Thus, we compared the indicators of io‐
dine status in Mureş County reported in 1998-1999 by Balázs et al. (1998; 2000/a; 2000/b),
before the governmental measures, with the same indicators measured by us in 2006. The
mentioned data in 1998/99 were obtained in the superior and middle hydrographic basin of
the Mureş river, investigating a group of 508 school-children living in areas surrounding lo‐
cality Deda (situated in a mountainous region in Mureş County). From the 508 school-age
children 26.97% (137 cases) were living in urban and 73.03% (371) in rural localities.

Physical examination of thyroid gland by palpation and inspection was performed in both
studies (in 1998/99 and in that presented now). Thyroid size determined by local physical
examination was evaluated according to WHO criteria (0, Ia, Ib, II, III subgroups) in the
mentioned former studies. According to the Bourdoux classification the volume of thyroid
gland was enlarged by palpation in 45.27% of children: grade Ia goiter observed in 29.92%
(152 cases), grade Ib in 14.17% (72), and grade II in 1.18% (6 children). Those studies high‐
lighted the high frequency of low grade goiter in rural localities in comparison with a lower
frequency observed in urban regions (Balázs et al., 1998).

In the present work physical examination shows an owerall goiter frequency of 51.9%, pre‐
vailing small goiters (grade Ia) in all studied villages (more than half of goiters), large goi‐
ters being very rare (grade II only in 6.7% of all cohort). Comparing the data of the two
series we could not found any improvement in the overall frequency of goiter (45.28% in
1999 vs. 51.1% in 2006), but we must take into account, that in the previous study children
came from several localities (including Târgu Mureş, the capital city of Mureş County) with
different iodine status (mild or moderate iodine deficient, as well as with normal iodine sup‐
ply). A considerable number of the enrolled children were from Târgu Mureş, a city which
proved to be without iodine deficiency. In the present work we focused on mountainous vil‐
lages, known before as iodine deficient regions, some of them (Caşva and Glăjărie) known
partly isolated in socioeconomical and geographical point of view.

In  our  study physical  examination  of  thyroid  gland shows variable  goiter  frequency in
the  three  localities:  it  is  the  highest  in  Ibăneşti  (62.0%)  vs.  the  other  two  localities
(46.7% in  Glăjărie  and 43.6% in  Caşva).  This  result  is  not  in  concordance  with  the  fact
that Ibăneşti  is  the largest  among the three localities,  with better socioeconomical  status
and  lesser  isolated.  An  explanation  might  reside  in  the  differences  in  age,  gender  and
pubertal stage of the children. In Ibăneşti the mean chronological age of school-age chil‐
dren enrolled in  the  study is  higher  (12.05  years  vs.  11.51  and 11.80  years  in  the  other
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two  localities),  and  the  distribution  between  sexes  is  almost  1:1  (differing  evidently
from  boys:girls-ratio  of  2:1  in  Glăjărie  and  3:2  in  Caşva).  Taking  into  account  that  the
girls  from  Ibăneşti  were  older,  between  12-14-years,  the  pubertal  stage  was  higher  in
this group. Balázs et  al.  (1998) have reported the increased incidence of grade Ib and II
goiter  in children with pubertal  onset  compared to those being in prepubertal  stage,  as
pubertal  onset  is  an important  facilitating factor  for  goiter  development.  This  is  in  con‐
cordance  with  our  data,  too,  related  to  gender.  The  overall  goiter  frequency  provided
by  ultrasound was  significantly  higher  in  girls  than  in  boys  (28% vs.  14.1%):  although
goiter  appeared  almost  with  the  same  frequency  in  both  sexes  from  Caşva  (14.2%  in
girls  and  17.6% in  boys),  but  it  was  more  than  3-times  more  frequent  in  girls  than  in
boys  living  in  Ibăneşti  (42.3%  vs.  12.5%).  Euthyroid  pubertal  goiter  is  especially  fre‐
quent in adolescents,  because iodine metabolism is accelerated during this period of life
(Delange & Ermans, 1967).

Than we compared our data obtained in 2006 to the results recorded during April-June 1999
at school-age children living in Deda, a mountainous rural locality, presumed as iodine defi‐
cient area. In that study 36.22% of the children had goiter, mainly of small size, without con‐
siderable differences between the sexes (Balázs et al., 2000/a) – the goiter being assessed by
inspection/palpation. This result is similar to that in the present study (40.2% in children
with age between 6-12 years), without any significant differences between the groups. It
must be emphasized, that the lack of gender differences may be attributed to inspection/
palpation method for the diagnosis of goiter. Taking into account the subjectivity and bias of
physical examination of thyroid gland, especially in young children, as this method of eval‐
uation estimates goiter presence with an error as much as 30-40%, our interpretation was
based mainly on thyroid ultrasound.

The objective determination of thyroid volume by ultrasound provided the exact size of the
thyroid, however it was difficult to chose the adequate standards for the normal thyroid vol‐
ume fitting to the goiter estimation in our region. The references published during the last
2-3 decades provide very variable standards for the upper normal limit of thyroid utra‐
sound volumetry adjusted for age, gender and BSA.

We evaluated firstly the age- and BSA-adjusted goiter frequency compared to the reference
values provided by the Thyromobile survey accross Europe (Delange et al., 1997), and there‐
after we reevaluated the results according to parameters published by Zimmermann (2004),
but we obtained very different results (Figure 1.). After all we chose the standards provided
by a team of endocrinologists from Iaşi performed on a cohort living in a formerly iodine
deficient Romanian region (Vulpoi et al., 2002; Zbranca et al., 2008). Thus, goiter frequency
in our cohort assessed by ultrasound was 20%, with a considerable difference between the
sexes (28% in girls and 14.1% in boys).

In the study of Balázs et al. (2000/a) thyroid ultrasonography was also performed in 83 chil‐
dren living in Târgu Mureş. The mean thyroid volume determined by ultrasound among
these children was 5.22±1.51cm3, adjusted to a mean body surface area of 1.23±0.14 m2. Goi‐
ter evaluated by ultrasound was detected in 33.73% of the children, mainly small goiters
(grade Ia), predominantly in girls (about 2/3 in girls and 1/3 in boys).
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The 20% of goiter frequency (diagnosed by ultrasound) detected in school-age children by
us, reflects a mild/moderate iodine deficiency in the studied three mountainous villages
from Mureş County in 2006. The stratified results of each locality showed that Caşva and
Glăjărie were mildy iodine deficient areas (reflected by 16.3 and 13.3% goiter, respectively),
and Ibăneşti moderately iodine deficient (with 28% goiter).

So, we observed a significant reduction of goiter frequency after the measures taken in the
frame of universal salt iodization, compared to the results obtained by Balázs et al. in
1998/99 (the overall goiter frequency 20% in 2006 vs. 33.73% in 1999 − P-value: 0.025, RR:
1.687, 95%CI: 1.073-2.652). As thyroid enlargement reflects the former iodine status, i.e. the
history of iodine nutrition for the previous several months/1-2 years, this means a significant
improvement of iodine status in the studied regions, reflecting the beneficial outcome of
universal salt iodization.

Urinary iodine excretion reflects the present iodine status of a geographical region. Determi‐
nation of UIE with Sandell-Kolthoff reaction, using ammonium persulfate was the laborato‐
ry method used in the both series of study (realized in 1998/99 and in 2006) performed in
Mureş County, so the absolute values could be compared.

In 1998/99 the majority of rural localities situated on the superior and middle hydrographi‐
cal basin of the river Mureş were mildly iodine-deficient areas, the rest being moderately de‐
ficient. The mean UIE was 100.22μg/L, but with a high interindividual variation: SD ± 73.37
(Balázs et al., 1998). The mountainous rural region of Deda was considered moderately io‐
dine deficient in 1998, the normal UIE being detected only in 6.9% of cases, and the mean
UIE being 59.95±30.22μg/L. Although in Târgu Mureş the mean UIE was within the normal
range (130.05±75.45μg/L), normal individual UIE levels >100μg/L were observed only in
56.79% of the children (Balázs et al., 1998; 2000/a; 2000/b).

In 2006, at about 2-2.5 years after the implementation in practice of universal salt iodization
the mean urinary iodine excretion measured in the 135 school-age children living in the
three mentioned villages from Gurghiu Valley was 85.37±60.05μg/L. Median value of
74.88μg/L indicates an overall mild iodine deficiency. In order to compare this result with
that from 1999, the median UIE in 1999 was calculated based on the mean UIE in 1999
(59.95±30.22μg/L) using the formula recommended by WHO (median UIE = 1.128 + 0.864 ×
mean UIE – WHO et al., 2001). Thus, the estimated median UIE was 52.29μg/L before the
universal salt iodization program.

The median UIE compared to the previous studies shows also a considerable improvement
in the iodine status of rural regions from Mureş County, being in concordance with the sig‐
nificant reduction of goiter frequency discussed previously. So, we observed better median
UIE in Ibăneşti (81.00μg/L), in contrast with Glăjărie, known as the most isolated and with
less socioeconomical background (having the lowest median UIE: 53.50μg/L).

In the studies  performed before  universal  salt  Iodization highly variable  interindividual
UIE concentrations were observed, although the mean value indicated only a mild iodine
deficiency.  Normal  UIE was found only in  6.9% of  school-age children,  which means a
frequency  of  cases  with  UIE<100μg/L  of  93.1%.  In  2006  a  large  proportion  (68.1%)  of
studied school-children had still  mildly or moderately low UIE.  Similarly to the studies
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performed in  1998/99,  the  results  of  the  present  work show large  interindividual  varia‐
tions of UIE (SD: ±60.05μg/L).

Values below normal range (UIE <100μg/L) were detected in 68.1% of our cohort, which is
improved compared to data obtained in 1998/1999. Indead, the proportion of cases with nor‐
mal UIE has increased significantly in 2006 compared to that determined in 1998/1999
(31.9% vs. 6.9%, P-value<0.0001, RR: 1.268, 95%CI: 1.183-1.581). However, this increase has
not attained yet the most important criteria of normal iodine-supply conditions, i.e. the max‐
imal value of 50% UIE <100μg/L (the 68.1% is still above of this limit with 18.1%); similarly,
in our present study the proportion of UIE <50μg/L is 30.3%, for normal iodine-supply it
must be ≤20%. These results show that the universal salt iodization program could not be
ensured at an optimal level, being not sustained continuously.

The iodine status of the studied localities from Mureş County in 2006 was evaluated by the
following indicators: median UIE for the current iodine status, frequency of goiter assessed
by ultrasound for the history of iodine nutrition of the previous months-years, and the fre‐
quency of UIE concentrations below 100μg/L and below 50μg/L for the sustainability of uni‐
versal salt iodization program (Table 12.).

Interpretation of indicators Data from every studied villages
Whole cohort

Caşva Glăjărie Ibăneşti

Current iodine status in 2006 (by

median UIE)

mild iodine

deficiency

mild iodine

deficiency

mild iodine

deficiency

mild iodine

deficiency

Former iodine status (before 2006) (by

frequency of goiter)

mild iodine

deficiency

mild iodine

deficiency

moderate iodine

deficiency

mild/moderate

iodine deficiency

Sustained elimination of iodine

deficiency (by % cases with

UIE<100μg/L and UIE<50μg/L)

not ensured not ensured not ensured not ensured

Table 12. The interpretation of indicators showing the iodine status among school-children in the three mountainous
villages in 2006

During 2006 the frequency of goiter in school-age children was 20% which is  improved
to that observed in 1998/99 (33.73%), but it has not reached normal levels yet, being situ‐
ated  at  the  borderline  between  mild  and  moderate  iodine  deficiency  (5-19.9%  and
20-29.9%,  respectively).  Our  results  show an  improved  iodine  status  in  2006:  the  mean
UIE rose  to  85.37±60.05μg/L,  median UIE to  74.88μg/L,  and 30.8% of  children had nor‐
mal urinary iodine excretion. Analysing separately the groups in every village, the mean
UIE are  different  in  some degree:  72.91±48.63μg/L in  Caşva,  75.42±60.30μg/L in  Glăjărie
and 117.84±91.95 μg/L in Ibăneşti.  Median UIE has improved compared to the situation
in 1998/99, but it remained at subnormal levels, indicating a mild iodine deficiency in all
three  villages.  The  indicators  for  the  estimation of  sustained elimination of  iodine  defi‐
ciency  were  at  subnormal  levels.  Studies  performed  during  2002-2004  reported  an  im‐
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The 20% of goiter frequency (diagnosed by ultrasound) detected in school-age children by
us, reflects a mild/moderate iodine deficiency in the studied three mountainous villages
from Mureş County in 2006. The stratified results of each locality showed that Caşva and
Glăjărie were mildy iodine deficient areas (reflected by 16.3 and 13.3% goiter, respectively),
and Ibăneşti moderately iodine deficient (with 28% goiter).

So, we observed a significant reduction of goiter frequency after the measures taken in the
frame of universal salt iodization, compared to the results obtained by Balázs et al. in
1998/99 (the overall goiter frequency 20% in 2006 vs. 33.73% in 1999 − P-value: 0.025, RR:
1.687, 95%CI: 1.073-2.652). As thyroid enlargement reflects the former iodine status, i.e. the
history of iodine nutrition for the previous several months/1-2 years, this means a significant
improvement of iodine status in the studied regions, reflecting the beneficial outcome of
universal salt iodization.

Urinary iodine excretion reflects the present iodine status of a geographical region. Determi‐
nation of UIE with Sandell-Kolthoff reaction, using ammonium persulfate was the laborato‐
ry method used in the both series of study (realized in 1998/99 and in 2006) performed in
Mureş County, so the absolute values could be compared.

In 1998/99 the majority of rural localities situated on the superior and middle hydrographi‐
cal basin of the river Mureş were mildly iodine-deficient areas, the rest being moderately de‐
ficient. The mean UIE was 100.22μg/L, but with a high interindividual variation: SD ± 73.37
(Balázs et al., 1998). The mountainous rural region of Deda was considered moderately io‐
dine deficient in 1998, the normal UIE being detected only in 6.9% of cases, and the mean
UIE being 59.95±30.22μg/L. Although in Târgu Mureş the mean UIE was within the normal
range (130.05±75.45μg/L), normal individual UIE levels >100μg/L were observed only in
56.79% of the children (Balázs et al., 1998; 2000/a; 2000/b).

In 2006, at about 2-2.5 years after the implementation in practice of universal salt iodization
the mean urinary iodine excretion measured in the 135 school-age children living in the
three mentioned villages from Gurghiu Valley was 85.37±60.05μg/L. Median value of
74.88μg/L indicates an overall mild iodine deficiency. In order to compare this result with
that from 1999, the median UIE in 1999 was calculated based on the mean UIE in 1999
(59.95±30.22μg/L) using the formula recommended by WHO (median UIE = 1.128 + 0.864 ×
mean UIE – WHO et al., 2001). Thus, the estimated median UIE was 52.29μg/L before the
universal salt iodization program.

The median UIE compared to the previous studies shows also a considerable improvement
in the iodine status of rural regions from Mureş County, being in concordance with the sig‐
nificant reduction of goiter frequency discussed previously. So, we observed better median
UIE in Ibăneşti (81.00μg/L), in contrast with Glăjărie, known as the most isolated and with
less socioeconomical background (having the lowest median UIE: 53.50μg/L).

In the studies  performed before  universal  salt  Iodization highly variable  interindividual
UIE concentrations were observed, although the mean value indicated only a mild iodine
deficiency.  Normal  UIE was found only in  6.9% of  school-age children,  which means a
frequency  of  cases  with  UIE<100μg/L  of  93.1%.  In  2006  a  large  proportion  (68.1%)  of
studied school-children had still  mildly or moderately low UIE.  Similarly to the studies
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performed in  1998/99,  the  results  of  the  present  work show large  interindividual  varia‐
tions of UIE (SD: ±60.05μg/L).

Values below normal range (UIE <100μg/L) were detected in 68.1% of our cohort, which is
improved compared to data obtained in 1998/1999. Indead, the proportion of cases with nor‐
mal UIE has increased significantly in 2006 compared to that determined in 1998/1999
(31.9% vs. 6.9%, P-value<0.0001, RR: 1.268, 95%CI: 1.183-1.581). However, this increase has
not attained yet the most important criteria of normal iodine-supply conditions, i.e. the max‐
imal value of 50% UIE <100μg/L (the 68.1% is still above of this limit with 18.1%); similarly,
in our present study the proportion of UIE <50μg/L is 30.3%, for normal iodine-supply it
must be ≤20%. These results show that the universal salt iodization program could not be
ensured at an optimal level, being not sustained continuously.

The iodine status of the studied localities from Mureş County in 2006 was evaluated by the
following indicators: median UIE for the current iodine status, frequency of goiter assessed
by ultrasound for the history of iodine nutrition of the previous months-years, and the fre‐
quency of UIE concentrations below 100μg/L and below 50μg/L for the sustainability of uni‐
versal salt iodization program (Table 12.).

Interpretation of indicators Data from every studied villages
Whole cohort

Caşva Glăjărie Ibăneşti

Current iodine status in 2006 (by

median UIE)

mild iodine

deficiency

mild iodine

deficiency

mild iodine

deficiency

mild iodine

deficiency

Former iodine status (before 2006) (by

frequency of goiter)

mild iodine

deficiency

mild iodine

deficiency

moderate iodine

deficiency

mild/moderate

iodine deficiency

Sustained elimination of iodine

deficiency (by % cases with

UIE<100μg/L and UIE<50μg/L)

not ensured not ensured not ensured not ensured

Table 12. The interpretation of indicators showing the iodine status among school-children in the three mountainous
villages in 2006

During 2006 the frequency of goiter in school-age children was 20% which is  improved
to that observed in 1998/99 (33.73%), but it has not reached normal levels yet, being situ‐
ated  at  the  borderline  between  mild  and  moderate  iodine  deficiency  (5-19.9%  and
20-29.9%,  respectively).  Our  results  show an  improved  iodine  status  in  2006:  the  mean
UIE rose  to  85.37±60.05μg/L,  median UIE to  74.88μg/L,  and 30.8% of  children had nor‐
mal urinary iodine excretion. Analysing separately the groups in every village, the mean
UIE are  different  in  some degree:  72.91±48.63μg/L in  Caşva,  75.42±60.30μg/L in  Glăjărie
and 117.84±91.95 μg/L in Ibăneşti.  Median UIE has improved compared to the situation
in 1998/99, but it remained at subnormal levels, indicating a mild iodine deficiency in all
three  villages.  The  indicators  for  the  estimation of  sustained elimination of  iodine  defi‐
ciency  were  at  subnormal  levels.  Studies  performed  during  2002-2004  reported  an  im‐
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provement  of  overall  median  UIE  in  school-age  Romanian  children  from 70  (in  urban)
and 60μg/L (in rural  areas)  in 2002 to 105 and 100μg/L,  respectively,  until  2004.  At  the
Second  National  Conference  for  the  elimination  of  IDD  held  at  Bucharest  in  2005,  the
Mother and Child Care Institute "Alfred Rusescu" reported that  in children of  6-7-years
of  age the  overall  iodine status  tended to  normalize,  the  median UIE reaching 100μg/L
(Stănescu,  2005).  Although  the  median  UIE  became  almost  normal  (105  in  urban  and
100μg/L in rural localities), a large interindividual variation were found, reflected by the
SD of ±60μg/L (Stănescu, 2005). Important differences between iodine status of rural and
urban environment were observed. Mild iodine deficiency was recorded in 33.5% of the
population,  11%  presented  moderate  and  2.4%  severe  forms  (Stănescu,  2005),  although
96.3% of the housholds used iodized salt.  These results could derive from the facts that
more than half of the families used salt with inadequate iodine content (under 15mg io‐
dine/kg  salt),  3/4  of  the  families  consumed  iodized  salt  but  in  an  inadequate  manner
(adding  salt  before  and  during  cooking)  which  reduces  the  content  of  iodine;  the  fre‐
quency of iodized salt consumption is higher in families with the higher educational lev‐
el of the mother.

In conclusion, on the basis of the indicators for iodine status the mountainous villages locat‐
ed in Mureş Conty, known as mild/moderate iodine deficient regions in 1999, remained in
the same iodine deficiency category during 2006, however the absolute values of indicators
were considerably, some even significantly improved. The indicators situated before at the
lower limit of mild/moderate iodine deficiency interval, after-wise were shifted to the mid‐
dle zone and upper limit of this range. The universal salt iodization had a beneficial impact
on iodine deficient rural regions, as expected, but its sustainability must be maintained, i.e.
the effectiveness of public health authorities and salt industry to monitor and control the
whole procession must be consolidated. The elimination strategy of IDD in mountainous ru‐
ral areas remains a very important public health program, as the iodine content of water and
soil is very low here. Water samples taken from the main water-provision points from every
village showed that the iodine content of drinking water was very low in every locality, as
expected in mountainous rural regions. Thus general measures to increase the iodine con‐
tent of the water should be applied. The iodine content of the running water measured in
1998/99 and 2006 was very variable (the mean value being X=10.15μg/L, SD±9.85 − Balázs et
al., 1998), but in all cases the iodine concentration was much more under the accepted value
(levels above 50μg/L being considered normal). Iodine content of alimentary salt found at
the market of the three villages was in some cases under the prescribed level of 34±8mg/kg.
The usage of iodized alimentary salt in households reached 96% in 2004 compared to 53% in
the previous years (Goldner, 2005; Stănescu, 2005), but the alimentary salt was insufficient
iodized (in 63% of cases, Goldner, 2005). A proportion of 74.5% of the sample of salt tested
which was used in the market and for the panification had a standard iodine content of
15-25 mg/kg (Goldner, 2005), which was under the prescribed concentration. In spite of exis‐
tent legislation to mandatory sale of iodized table salt on the market, about 12% of popula‐
tion consumes not iodized salt (Nanu, 2005), especially in rural environment.
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The persistence of moderate iodine deficiency in some zones of Romania was attributed to
the insufficient iodization level of the salt and waist during storage, to the uncontrolled sell‐
ing of industrial salt as alimentary salt, to the lack of control measures in import of salt, to
the inadequate monitoring system and the lack of efficient measures to realize entirely the
governmental decision, as well as the resistency of alimentary industry (e.g. meat processing
industry) to utilize iodized salt (Goldner, 2005).

We must remark the presence of hypothyroidism related to iodine deficiency in 17.7% of the
investigated school-children, TPO-Ab being normal in all of them. Although, all cases of hy‐
pothyroidism were mildly overt or subclinical forms (15 and 9, respectively), we must take
into account that even mild iodine and thyroid hormone deficiencies conduct to psycho‐
neurological damages, the characteristical complication of latent deficiency being AD-HD
syndrome in developed countries. Chronic iodine deficiency leads to suboptimal intellectual
development. Recent studies performed in the European countries, known with iodine pre‐
vention programs initiated decades ago, and thougth that iodine deficiency was eliminated,
sustaine surprisingly the presence of mild iodine deficiency in many countries and implica‐
tion of this in school performances, psychological and neurological status. These mild defi‐
cits probably results from transient hypothyroidism during the first 2-years of life, i.e.
during the critical period of brain development (Delange, 2002). Besides iodine deficiency,
an increase in iodine intake can also lead to a small but significant increase in the incidence
of hypothyroidism, probably attributable to autoregulation of thyroid function.

In conclusion, the rural mountainous zones of Mureş County known before as moderate/
mild iodine-deficient areas, became mild-deficient, due to the new measures of iodine preven‐
tion. In these areas universal salt iodization is not sufficient, being necessary to apply peri‐
odically special prophylactic measures (iodine tablets), too, primarily to prepubertal and
pubertal children.

6. Conclusions

This work underlines considerable improvement of iodine nutrition in mountainous rural
regions of Mureş County after the implementation in practice of universal salt iodization in
Romania since 2003, although these areas remained mildly (some moderately) iodine defi‐
cient at about 2.5-3 years after the IDD elimination strategy was intitiated. On one hand the
prophylactic measures with higher iodine content of alimentary salt (KIO3 25.5-42.5mg/kg)
might not be sufficient for the full correction of iodine deficiency in these isolated mountain‐
ous rural regions, on the other hand special attention is required to monitorize continuously
the market and reaching programs, as well as the sustainability of the prophylactic program
must be ensured. In these areas special measures, i.e. iodine supplementation to the high-
risk populational groups are periodically required in addition to universal salt iodization,
especially as iodine deficiency occured with hypothyroidism in 17.7% of school-children.
The elimination of mild-moderate iodine deficiency in school-age children living in moun‐
tainous rural localities presumes special measures by the daily administration of 0.1-0.2 mg
iodine tablets.
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1. Introduction

After food intake, blood glucose levels rise and insulin is released by the pancreas to main‐
tain homeostasis. In the diabetic state, the absence or deficient action of insulin in target tis‐
sues is the cause of hyperglycemia and abnormalities in the metabolism of proteins, fats and
carbohydrates. In addition, chronic hyperglycemia, characteristic of diabetes, is responsible
for organic dysfunction, being eyes, kidneys, nervous system, heart and blood vessels the
most important affected organs. Diabetes mellitus (DM) is a heterogeneous dysregulation of
carbohydrate metabolism, characterized by chronic hyperglycemia resulting from impaired
glucose metabolism and the subsequent increase in blood serum glucose concentration. The
pathogenic equation for DM presents a complex interrelation of metabolic, genetic and envi‐
ronmental factors, as well as inflammatory mediators. Among the latter, it is mostly unclear
whether they reflect the disease process or are simply signs of systemic or local responses to
the disease [1].

DM affects about 26 million individuals in America and at least 250 million people world‐
wide (World Health Organization), causing about 5% of all deaths. Besides, the number of
affected people is expected to duplicate by 2030 unless urgent measures are taken [2, 3]. Ev‐
ery day, 200 children under 14 years are affected by type 1 diabetes, and this number in‐
creases by 3 per cent each year, whereas the analogous increment for preschool children
reaches 6 per cent [4]. All these data point out the epidemic character of DM.

2. Animal models for the study of diabetes

Rats and mice are animals commonly used for studying the effects of diabetes. Type 2 DM
can be induced in animal models through dietary modification such as the administration of
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sucrose, fructose, high fat diet and glucose infusion or through genetic manipulation such as
db/db mice, ob/ob mice, Goto-Kakizaki rats, Zucker diabetic rats and BHE rats [5].

On the other hand,  type 1 diabetes can be replicated in animal models  through genetic
modifications,  i.e.  non obese diabetic  mice (NOD),  which spontaneously develop type 1
diabetes in a manner similar to humans [6]. Other animal models genetically selected are
the Bio Breeding rats (BB), in which the pancreatic islets are under the attack of immune
T cells,  B cells,  macrophages and natural killer cells.  At approximately 12 weeks of age,
these diabetic rats present weight loss, polyuria, polyphagia, hyperglycemia and insulino‐
penia. As in humans, if these rats are not treated with exogenous insulin, ketoacidosis be‐
comes  severe  and  fatal  [7].  Another  way  to  obtain  experimental  animals  with  type  1
diabetes  is  through  the  administration  of  chemicals  such  as  alloxan  or  streptozotocin
[8-10]. In our laboratory, we have shown that treatment with streptozotocin causes altera‐
tions in biliary excretion during the first seven days post-injection of the drug, becoming
normalized 10 days after injection [10,  11].  This is  the reason why studies of liver func‐
tion during streptozotocin-induced diabetic state should be performed fifteen day after in‐
jection of the drug. In our work, streptozotocin-induced diabetes (SID) was induced by a
single dose of streptozotocin (STZ) (60mg/kg body weight,  i.p.,  in 50 mM citrate buffer,
pH 4.5). Control rats were injected with vehicle alone. Fifteen days after STZ injection, a
time when the toxic effect of the drug on the liver has disappeared [9, 10], serum glucose
levels were tested by means of the glucose oxidase method (Wiener Lab., Rosario, Argen‐
tina) in samples obtained from diabetic and control animals. Successful induction of dia‐
betes was defined as a blood glucose level of > 13.2 mmol/l. Between 10 and 12 A.M. the
rats  were  weighed,  anesthetized  with  sodium  pentobarbital  solution  (50  mg/kg  body
weight, i.p.) and euthanatized. Blood was obtained by cardiac puncture and plasma was
separated by centrifugation. Livers were promptly removed and hepatic tissue was either
processed for immunohistochemical studies or frozen in liquid nitrogen and stored at −70
°C until analytical assays were performed.

3. Diabetes and inflammation

Inflammation represents a protective response to the control of infections and promotes tis‐
sues repair, but it can also contribute to local tissue damage in a broad spectrum of inflam‐
matory disorders. The inflammatory responses are associated with variations of a wide
array of plasma proteins and pro-inflammatory cytokines. The acute-phase response is a
systemic reaction in which a number of changes in plasma protein concentrations, termed
acute-phase proteins, may increase or decrease in response to inflammation [12]. Modifica‐
tions in the plasma concentration of acute-phase proteins are largely dependent on their bio‐
synthesis in the liver and changes in their production are influenced by the effect of pro-
inflammatory cytokines such as IL-1, IL-6 and tumor necrosis factor alpha (TNF-α) on the
hepatocytes. These cytokines are produced during the inflammatory process and they are
the main stimulators of acute-phase proteins and other markers of chronic inflammation
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commonly detected in cardiovascular diseases, diabetes mellitus, osteoarthritis, and rheu‐
matoid arthritis [13, 14].

Chronic hyperglycemia can directly promote an inflammatory state where the increase in
cytokines can lead to destruction of the pancreatic beta cells and dysfunction of the endo‐
crine pancreas in diabetes type 1 and 2. [15]. There is evidence that autocrine insulin exerts
protective anti-apoptotic effects on beta cells and that it inhibits the suppressor of cytokine
signaling (SOCS), which is induced by various cytokines and lead to apoptosis of the beta
cell [16]. Commonly, DM type 1 and type 2 are considered inflammatory processes [17, 18]
as there is a significant increase in interleukin (IL) IL-6, IL-18, IL-1 and TNF-α in blood of
patients with this disease [19, 20].

Futhermore, chemokines (ligands 2 and 5 chemokines CCL2, CCL5 and CX3CL1), intercellu‐
lar adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule -1 (VCAM-1) and nucle‐
ar transcription factor κB (NFκB) are involved in the development and progression of the
disease [21, 22]. In this connection, we have demonstrated that hyperglycemia increases the
production of hydroxyl radical in the liver of streptozotocin-induced diabetic rats [23]. In
addition, the increase in oxidative stress induced by hyperglycemia and inflammation con‐
duces to development of associated diseases such as diabetic nephropathy [17, 21].

The role for pro-inflammatory cytokines in regulating insulin action and glucose homeosta‐
sis and their function in type 2 diabetes has been suggested by several lines of evidence.
High TNF-α levels are related to the pathophysiology of insulin resistance and type 2 diabe‐
tes [24]. The mechanisms that govern the association between the increased synthesis of in‐
flammatory factors and type 2 diabetes are still being elucidated. In macrophages,
adipocytes, antigen-presenting B-cells, dendritic cells, and Kupffer cells in the liver, a num‐
ber of germline-encoded pattern recognition receptors (PRRs), such as the toll-like receptors
(TLR), are activated upon ligand binding with conserved structural motifs that are either
specific patterns of microbial components (eg, bacterial lipopolysaccharide [LPS]) or nutri‐
tional factors (eg, free fatty acids [FFAs]) [25]. Binding to PRRs gives rise to inflammatory
responses by mediating downstream transcriptional events that activate nuclear factor-κB
(NFκB) and activator protein-1 (AP-1) and their pathways [26]. Upon activation, these intra-
cytoplasmic molecular cascades up-regulate the transcription of pro-inflammatory cytokine
genes and, consequently, the synthesis of acute-phase inflammatory mediators and activa‐
tion of c-Jun N-terminal kinase (JNK) and inhibitor of NFκB kinase-β (IKK). In liver and adi‐
pose tissue, these two molecules can inactivate the first target of the insulin receptor (INSR),
IRS-1, thereby reducing downstream signaling towards metabolic outcomes [27]. Recent da‐
ta have revealed that the plasma concentration of inflammatory mediators, such as tumor
necrosis factor-α (TNF-α) and interleukin-6 (IL-6), is increased in the insulin resistant states
of obesity and type 2 diabetes, raising questions about the mechanisms underlying inflam‐
mation in these two conditions. Increased concentrations of TNF-α and IL-6, associated with
obesity and type 2 diabetes, might interfere with insulin action by suppressing insulin signal
transduction. This might interfere with the anti-inflammatory effect of insulin, which in turn
might promote inflammation [13].
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4. Nitric oxide in TNF-α pathways and apoptosis

As stated above, one of the main cytokines released in these inflammatory processes is TNF-
α, which can activate signaling pathways associated with cell survival, apoptosis, inflamma‐
tory response and cell differentiation. The induction of the responses mediated by TNF-α
occurs through the binding of the cytokine to the receptors TNF-R1 and TNF-R2. Both recep‐
tors may mediate cell death, however, TNF-R1 has a death domain while TNF-R2 does not,
but it would enhance the cytotoxic effects of TNF-R1. TNF-α is produced primarily by cells
of the immune system, such as macrophages and lymphocytes in response to inflammation
and infection [28, 29]. The binding of TNF-α to TNF-R1 can promote the activation of NFκB
or initiate the activation of caspases, which play a major role in the execution of program‐
med cell death or apoptosis (Figure 1) [30]. NFκB stimulates the expression of genes encod‐
ing cytokines (e.g. TNF-α, IL-1, IL-6, IL-2, IL-12, INF-γ and CM-CSF), cell adhesion
molecules (CAMs), chemokine receptors and inducible enzymes (e.g., COX-2, iNOS). It also
increases the expression of molecules involved in regulating cell proliferation, apoptosis and
cell cycle progression, such as the cellular inhibitor of apoptosis protein 1 and 2 (c-IAP1 and
c-IAP2), TNF-receptor-associated factor 1 and 2 (TRAF-1 and TRAF-2), B-cell lymphocyte/
leukemia-2 (Bcl-2), Fas, c-myc and cyclin D1 [31, 32]. It was found that high levels of glucose
can cause apoptosis, in part, through activation of NFκB [33]. Other authors have shown
that high glucose levels activate protein kinase C (PKC) pathway and reactive oxygen spe‐
cies (ROS) [34-36]. Furthermore, cytokines and bacterial pathogens can activate iNOS and
generate large concentrations of NO, through activation of nuclear transcription factors [37].

4.1. Hepatic expression of TNF-α and TNF-R1, NFκB activity and iNOS expression

We analyzed the hepatic levels of TNF-α and its receptor TNF-R1 by western blot. As shown
in Figure 2 (A and B), hepatic levels of TNF-α and TNF-R1 of the diabetic group were higher
than those of the control animals (120 % and 300 %, respectively).

We performed inhibition studies of NO production using a preferential inhibitor of iNOS
enzyme, aminoguanidine (AG). Fifteen days after the onset of diabetes, a group of rats was
separated into different groups and received injections of AG. The groups were as follows:
Control group, injected with the vehicle citrate buffer only, and receiving AG in isotonic sal‐
ine i.p. (100 mg/kg body weight) once a day, beginning 3 days before euthanized (Control
+AG) [38], Diabetic group receiving AG i.p. (100 mg/kg body weight) once a day, beginning
3 days before euthanized (SID+AG). The whole study lasted one month. Six animals from
each group (Control+AG and SID+AG) were euthanatized and the samples were promptly
processed. We examined the expression of iNOS in liver cytosolic fraction by western blot in
all experimental groups. Immunoblot analysis followed by quantitative densitometry from
six separate animal sets revealed that iNOS increased by 500% (p<0.05) in SID rats compared
to the control group (Figure 2 D). Treatment of SID rats with AG markedly decreased the
cytosolic protein levels of iNOS, thus reaching the control value.

We also determined the role of TNF-α using ENBREL® (etanercept), a dimeric fusion pro‐
tein that binds to TNF-α and decreases its role in disorders mediated by excess of TNF-α.
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Etanercept mimics the inhibitory effects of naturally occurring soluble TNF-α receptors but
has a greatly extended half-life in the bloodstream, and therefore a more profound and long-
lasting biologic effect than a naturally occurring soluble TNF-R1 [39]. Etanercept was ad‐
ministered to 6 rats from each group (Control-a-TNF-α and SID-a-TNF-α) in a dose of 8
mg/Kg bw/day twice a week for 15 days.

Figure 1. Schematic mechanisms of NFκB activation induced by TNF-α signaling pathways.

Administration of etanercept or AG also produced a significant attenuation of both TNF-α
and TNF-R1 when compared to SID, reaching the control values (Figures 2A and 2B). Also,
in Figure 2 C we show that the increase of TNF-α levels in the liver of streptozotocin-in‐
duced diabetic rats leads to a marked up-regulation of the NFκB pathway. The high levels of
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TNF-α due to blood glucose levels increased iNOS expression leading to a high production
of NO (see Figure 2 D). Similar findings have been reported in different tissues by other au‐
thors [40, 41]. Moreover, we observed that the treatment with etanercept, which blocks TNF-
α, leads to a decrease in the expression of iNOS which is increased in the diabetic state. It
has been shown that high concentrations of glucose cause an increase in the expression of
iNOS induced by cytokines [42] in rat tissues. Consistently, high glucose concentrations do
not increase iNOS in the absence of TNF-α [43]. The inhibition of iNOS with a selective in‐
hibitor such as aminoguanidine, also reduced the production of TNF-α, thus evidencing an
interaction between TNF-α pathway and the activity of iNOS.

Figure 2. Hepatic TNF-α (Panel A) and TNF-R1 expression (Panel B), NFκB activity (Panel C) and iNOS expression (Panel
D). The results obtained for all experimental groups are shown as follows: Lane 1: Control Control group of animals
injected with sodium citrate vehicle; Lane 2: Control+a-TNF-α: Etanercept (8 mg/ kg body weight, i.p.) was adminis‐
tered once a day, twice a week, in saline solution starting 15 days after injection of sodium citrate vehicle and for 15
days; Lane 3: Control+AG: Aminoguanidine (100 mg/ kg body weight, i.p.), was administered once a day, in saline sol‐
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ution starting 15 days after injection of sodium citrate vehicle and for 3 days before euthanasia; Lane 4: SID: Strepto‐
zotocin (STZ)-Induced Diabetic rats received an i.p. injection of STZ 60 mg/kg body weight; Lane 5: SID+a-TNF-α:
Etanercept (8 mg/ kg body weight, i.p.) was administered once a day, twice a week, in saline solution starting 15 days
after injection of STZ and for 15 days Lane 6: SID+AG: Aminoguanidine (100 mg/ kg body weight, i.p.) was adminis‐
tered, once a day, in saline solution starting 15 days after injection of STZ and for 3 days before euthanasia. Immuno‐
blot analysis of TNF-α (Panel A) and TNF-R1 (Panel B) in total liver lysate. Typical examples of Western blots are shown
in top panel for each experimental group. The accompanying bars represent the densitometric analysis of the blots as
percentage change from six separate animal sets, expressed as arbitrary units considering control as 100%. Data are
expressed as means ± SE. Panel C: NFκB activity is showed as follow: Lane 1: Control; Lane 2: Control+a-TNF-α; Lane 3:
Control+AG; Lane 4: SID; Lane 5: SID+a-TNF-α; Lane 6: SID+AG.*p<0.05 vs Control; †p<0.05 vs SID. Panel D: Immuno‐
blot analysis of iNOS expression in total liver lysate. Effect of the treatments on each experimental group described
above. Typical examples of Western blots are shown in top panel for each experimental group. The accompanying
bars represent the densitometric analysis of the blots expressed as percentage change from six separate animal sets.
Data are expressed as means ± SE. *p<0.05 vs Control; †p<0.05 vs SID.

4.2. Apoptosis induced by TNF-α

Binding  of  death  receptors  to  their  ligands  results  in  the  formation  of  an  intracellular
death domain (DISC: death-inducing signal complex) generated by the recruitment of two
molecules: the death domain-associated TNF-R1 (TRADD: Tumor necrosis factor receptor
type 1-associated death domain protein) and protein-associated death domain Fas (FADD:
Fas-Associated protein with Death Domain). This complex also recruits procaspase-8 pro‐
tein, which is activated by proteolysis. Releasing of the active fragment caspase-8 induces
the activation of other caspases in the cytosol [44]. Thus, the DISC complex is responsible
for the activation of the caspase cascade leading to apoptosis and/or activation of the kin‐
ase signaling pathway involved in apoptosis and JNK (c-Jun N- terminal kinase),  result‐
ing in the expression of  genes through NFκB or AP-1 (activator protein-1)  [45,  46].  The
activation of caspase-8 that was induced by activation of the death receptor is followed by
excision  of  Bid  protein  generating  an  active  fragment  of  15  kDa,  truncated  Bid  (Bid-t).
Bid-t protein is translocated into the mitochondria and interacts with other proteins of the
Bcl2 family (Bax and Bak) and induces the release of apoptogenic factors such as SMAC
(second mitochondria-derived activator  of  caspases)  /  DIABLO (direct  IAP protein  with
low pI), AIF (apoptosis inducing factor) and the release of cytochrome c into the cytosol
forming  the  apoptosome  complex  with  APAF-1  and  procaspase-9.  In  the  apoptosome,
procaspase-9 is proteolysed to its mature form, which then activates effector caspase-3, ul‐
timately leading to apoptosis [47, 48].

We performed studies in STZ-induced diabetic rats of both, expression of activated cas‐
pase-8 and its activity in liver cytosolic fraction. We observed a substantial increase in acti‐
vated caspase-8 in the diabetic state (Figure 3 A). Administration of etanercept or AG
showed a reduction of both activated caspase-8 expression and its activity as compared to
STZ-diabetic rats. We also examined the expression of t-Bid in cytosolic fraction and in liver
mitochondrial fraction by western blot in all experimental groups. Immunoblot analysis fol‐
lowed by quantitative densitometry revealed that mitochondrial t-Bid protein levels in‐
creased by approximately 50% (p<0.05) in STZ-diabetic rats when compared to the control
group (Figure 3 B). Administration of etanercept or AG produced a significant attenuation
of Bid-t in the mitochondrial fraction when compared to SID. According to that described by
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timately leading to apoptosis [47, 48].

We performed studies in STZ-induced diabetic rats of both, expression of activated cas‐
pase-8 and its activity in liver cytosolic fraction. We observed a substantial increase in acti‐
vated caspase-8 in the diabetic state (Figure 3 A). Administration of etanercept or AG
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mitochondrial fraction by western blot in all experimental groups. Immunoblot analysis fol‐
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other authors in different tissues [49, 50] the anti–TNF-α (etanercept) treatment was demon‐
strated to produce a declination in the response of receptor TNF-R1 to TNF-α (diminished
activated caspase-8 expression and activity and mitochondrial protein t-Bid, as compared to
SID group). Treatment with the iNOS-inhibitor showed a significant decrease of activated
caspase-8 expression and activity when compared to STZ-induced diabetic rats (Figure 3 A).
Also, we evaluated the activation of c-Jun N-terminal kinase (JNK), a member of the family
of the mitogen-activated protein kinases (MAPK). The administration of both etanercept and
AG prevents the hyperglycemia-induced phosphorylation of JNK (Figure 3 C).
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Figure 3. Panel A: Activated Caspase-8 expression and activity in diabetic liver: Protein immunoblot analysis and fluo‐
rometric assessment of activity of casapase-8 were performed in cytosolic fraction. Activities represented as bars are
shown in arbitrary units. Data are expressed as means ± SE for at least six rats per experimental group. Panel B: Immu‐
noblotting of cytosolic BID and t-BID expression in mitochondria-enriched fractions of diabetic liver and effect of dif‐
ferent treatments in experimental groups as was described in Figure 2. Typical examples of Western blots are shown
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for cytosolic BID and mitochondrial t-BID in top panel for each experimental group. The accompanying bars represent
the densitometric analysis of the blots for t-BID expressed as percentage change from six separate animal sets. Data
are expressed as mean ± S.E. *p<0.05 vs Control; †p<0.05 vs SID. Panel C: Western blot analysis of p-JNK in the liver
tissue of diabetic animals and effect of different treatments. Typical examples of Western blots are shown in: Lane 1:
Control; Lane 2: Control+a-TNF-α, Lane 3: Control+AG, Lane 4: SID, Lane 5: SID+a-TNF-α, Lane 6: SID+AG. The accom‐
panying bars represent the densitometric analysis of the blots expressed as percentage from six separate animal sets.
Data are expressed as means ± SE. *p<0.05 vs Control; †p<0.05 vs SID.
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Figure 4. Panel A: Caspase-3 activity in diabetic rats and effect of the different treatments: Caspase-3 activity was flu‐
orometrically determined. The bars represent activity expressed as arbitrary units. Data are expressed as means ± SE
for at least six rats per experimental group. *p<0.05 vs Control; †p<0.05 vs SID. Panel B: Effect of NO and TNF-α on
liver apoptosis of diabetics rats: Bars of apoptotic index (AI) represent the percentage of apoptotic cells scored at least
1000 hepatocytes per field in 10 fields of tissue sections at a magnification of 400X. Data are expressed as means ± SE
for at least six rats per experimental group. *p<0.05 vs Control; †p<0.05 vs SID. Panel C: TUNEL assay: A representative
TUNEL assay was performed on liver slides from the Control group, Control+a-TNF- α, Control+AG, SID, SID+a-TNF-α
and SID+AG groups.
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other authors in different tissues [49, 50] the anti–TNF-α (etanercept) treatment was demon‐
strated to produce a declination in the response of receptor TNF-R1 to TNF-α (diminished
activated caspase-8 expression and activity and mitochondrial protein t-Bid, as compared to
SID group). Treatment with the iNOS-inhibitor showed a significant decrease of activated
caspase-8 expression and activity when compared to STZ-induced diabetic rats (Figure 3 A).
Also, we evaluated the activation of c-Jun N-terminal kinase (JNK), a member of the family
of the mitogen-activated protein kinases (MAPK). The administration of both etanercept and
AG prevents the hyperglycemia-induced phosphorylation of JNK (Figure 3 C).
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Figure 3. Panel A: Activated Caspase-8 expression and activity in diabetic liver: Protein immunoblot analysis and fluo‐
rometric assessment of activity of casapase-8 were performed in cytosolic fraction. Activities represented as bars are
shown in arbitrary units. Data are expressed as means ± SE for at least six rats per experimental group. Panel B: Immu‐
noblotting of cytosolic BID and t-BID expression in mitochondria-enriched fractions of diabetic liver and effect of dif‐
ferent treatments in experimental groups as was described in Figure 2. Typical examples of Western blots are shown
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for cytosolic BID and mitochondrial t-BID in top panel for each experimental group. The accompanying bars represent
the densitometric analysis of the blots for t-BID expressed as percentage change from six separate animal sets. Data
are expressed as mean ± S.E. *p<0.05 vs Control; †p<0.05 vs SID. Panel C: Western blot analysis of p-JNK in the liver
tissue of diabetic animals and effect of different treatments. Typical examples of Western blots are shown in: Lane 1:
Control; Lane 2: Control+a-TNF-α, Lane 3: Control+AG, Lane 4: SID, Lane 5: SID+a-TNF-α, Lane 6: SID+AG. The accom‐
panying bars represent the densitometric analysis of the blots expressed as percentage from six separate animal sets.
Data are expressed as means ± SE. *p<0.05 vs Control; †p<0.05 vs SID.
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Figure 4. Panel A: Caspase-3 activity in diabetic rats and effect of the different treatments: Caspase-3 activity was flu‐
orometrically determined. The bars represent activity expressed as arbitrary units. Data are expressed as means ± SE
for at least six rats per experimental group. *p<0.05 vs Control; †p<0.05 vs SID. Panel B: Effect of NO and TNF-α on
liver apoptosis of diabetics rats: Bars of apoptotic index (AI) represent the percentage of apoptotic cells scored at least
1000 hepatocytes per field in 10 fields of tissue sections at a magnification of 400X. Data are expressed as means ± SE
for at least six rats per experimental group. *p<0.05 vs Control; †p<0.05 vs SID. Panel C: TUNEL assay: A representative
TUNEL assay was performed on liver slides from the Control group, Control+a-TNF- α, Control+AG, SID, SID+a-TNF-α
and SID+AG groups.
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An early study had demonstrated that the activation of JNK is associated with increased
TNF-induced apoptosis in hepatocytes [51]. In this connection, our results demonstrate that
diabetes leads to the activation of JNK, inducing an increase of the apoptotic index. More‐
over, we demonstrated that the decrease of TNF-α levels by etanercept treatment seems to
completely abolish the observed activation of JNK induced by the diabetic state, thus lead‐
ing to a decrease of apoptosis (Figures 3 and 4). We assessed apoptotic cell death by deter‐
mining caspase-3 activity and performing TUNEL assays. There was a significant increase in
caspase-3 activity in SID rats when compared to the control group (p<0.05). The administra‐
tion of etanercept or AG to SID rats significantly decreases caspase-3 activity as compared to
SID rats (p<0.05) (Figure 4 A). Figure 4 B shows Apoptotic Index (AI) expressed as a percent‐
age. Apoptotic cells were identified in all experimental groups. Typical features of apopto‐
sis, such as cellular shrinking with cytoplasmatic acidophilia, condensation and margination
of chromatin were corroborated by hematoxylin-eosin staining. The diabetic state signifi‐
cantly increased the AI when compared to the control group (p<0.05), while treatments with
etanercept or AG significantly attenuated this increment when compared to SID group
(p<0.05), even reaching the control values (Figure 4 B). In Figure 4 C a representative TU‐
NEL assay for Control, SID, SID+etanercept and SID+AG is showed. TUNEL–positive signal
is maximal in the SID group and it is clear that after the different treatments there is a signif‐
icant reduction of TUNEL-positive cells.

Our results clearly show that in the liver of STZ-induced diabetic rats there is an enlarge‐
ment of caspase-3 activity with the consequent increase in the AI.

5. Diabetes, inflammation and liver apoptosis

Several studies have shown that TNF-α may be involved in viral hepatitis, alcoholic hepati‐
tis, ischemia/reperfusion liver injury, and fulminant hepatic failure. In human disease, se‐
rum levels of TNF-α and hepatic TNF-receptors are frequently increased [52]. A research
paper recently published by our group demonstrates that the diabetic state induces an in‐
crease of TNF-α and its receptor TNF-R1 in the liver [43]. Data presented in this work show
that the increase of TNF-α levels in the liver of streptozotocin-induced diabetic rats leads to
a marked up-regulation of the NFκB pathway. NFκB is one of the key transcription factors
involved in triggering the cascade of events that allow inflammation and different research
groups have demonstrated its activation in the diabetic liver [53, 54]. The expression of
iNOS is closely related to stimulation of NFκB, whose recognition sites have been identified
in the promoter region of the gene encoding for iNOS.

In the liver of diabetic rats we found an increase of TNF-α due to increased expression of
iNOS which led to a high production of NO [43]. Similar results have been reported in dif‐
ferent tissues by other authors [40, 41]. In our work, we observed that the treatment with
etanercept, which blocks TNF-α, leads to a decrease in the expression of iNOS which is in‐
creased in the diabetic state. Furthermore, etanercept treatment reduces the production of
NO in the liver of streptozotocin-induced diabetic rats. It has been shown that high concen‐
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trations of glucose cause an increase in the expression of iNOS induced by cytokines [42] in
rat tissues. Consistent with this, high glucose concentrations do not increase iNOS in the ab‐
sence of TNF-α [43]. The inhibition of iNOS with a selective inhibitor such as aminoguani‐
dine also reduced the production of TNF-α, thus demonstrating an interaction between
TNF-α pathway and the activity of iNOS.

Figure 5 depicts a summary of the apoptotic mechanisms occurring through TNF-α path‐
way in the liver in the diabetic state.
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Figure 5. Proposed scheme for the mechanism involved in TNF-α- induced apoptosis in liver disease induced by diabe‐
tes type 1. In the diabetic state, hepatic TNF-α elevation induces activation of NFκB, caspase-8 and JNK, thus leading to
an increased apoptotic rate.
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6. Conclusion

The relevance of the present chapter is to provide further knowledge on the mechanisms un‐
derlying the disease process in the liver during an inflammatory process such as type 1 dia‐
betes. The regulation of hepatic TNF-α level and iNOS activity in the diabetic state could be
therapeutically relevant for the improvement or delay of the hepatic complications of chron‐
ic hyperglycemia.
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1. Introduction

Diabetes mellitus is one of the most prevalent chronic diseases in children. Diabetes mellitus
is classified into four major types. Type 1, type 2, gestational, and other specific types. Type
1 diabetes (T1D) is caused by autoimmune destruction of the insulin-producing beta cells of
the pancreas. Type 2 diabetes (T2D) results from a combination of insulin resistance and be‐
ta cell insulin secretory defect. The rising prevalence of childhood obesity has made it more
difficult to differentiate between these types of diabetes in children. There is a new expres‐
sion of diabetes in children known as double diabetes, or hybrid diabetes. This is a clinical
state where both T1D and T2D co-exist in the same individual as shown in Figure 1 below.

Childhood obesity is one of the most serious public health challenges of the 21st century [1].
According to the National Health and Nutrition Examination Survey data, about 16% of
children and adolescents in the United States have a body mass index (BMI) (kg/m2) ≥95th

percentile for age and gender [2]. Body mass index of >95th percentile is classified as over‐
weight by the Center for Disease Control and Prevention [3,4], and as obesity by European
criteria [5].

The prevalence of obesity has tripled in the past three decades [6] among male and female
adolescents, and across different racial and ethnic groups [6-8]. There has also been a paral‐
lel increase in the prevalence of many obesity-related co-morbid conditions [9] such as T2D,
dyslipidemia, hypertension, obstructive sleep apnea, poor quality of life and mortality in
adulthood [10-13]. Although obesity is associated primarily with T2D due to insulin resist‐
ance, [14], it may also impact T1D morbidity.

T1D is caused by autoimmune destruction of the beta cells of the pancreas leading to insuli‐
nopenia. It is sub-classified into 2 main categories- type 1A and 1B [15]. In type 1A, individ‐
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uals have one or more of the anti-islet cell (including glutamic acid decarboxylase, and
insulinoma antigen-2) or anti-insulin antibodies. In type 1B these antibodies are absent, but
the clinical and biochemical features are similar to 1A. T2D is characterized by insulin resist‐
ance and absence of diabetes-associated antibodies in serum.

A new subset of diabetes, called double diabetes is becoming increasingly prevalent as a re‐
sult of the epidemic of childhood obesity [16-18]. In double diabetes, elements of both T1D
and T2D co-exist. In this condition, individuals with T1D have insensitivity to insulin that is
most often associated with obesity; and individuals with T2D have antibodies against the
pancreatic beta cells [14] (Figure 1). Unlike T1D and T2D, there is no consensus on the thera‐
peutic modalities for double diabetes.

The incidence of both T1D and T2D is rising in children and adolescents [14]. Data from the
EURODIAB study indicate that the overall prevalence of T1D among young people under
15 years is increasing by greater than 3% each year, and by more than 6% a year in children
aged up to four years [19].Analysis of the 2002 to 2003 data from SEARCH for Diabetes in
Youth, a multicenter study funded by the Centers for Disease Control and Prevention and
the National Institutes of Health to examine T1D and T2D among children and adolescents
in the United States, showed that annually, about 15,000 youth in the United States are new‐
ly diagnosed with T1D, and about 3,700 youth with T2D. The reported rate of new cases
among youth was 19 per 100,000 each year for T1D, and 5.3 per 100,000 for T2D [20].

2. Prevalence

The prevalence of double diabetes is unknown [16]. However, reports show that about 25%
of children with T1D are either overweight or obese [21]. Other reports show that about 35%
of children and adolescents with T2D have at least one diabetes-associated antibody [22].
Some authors estimate that about one in three children and adolescents with newly diag‐
nosed diabetes has double diabetes. Pozzilli et al reported a prevalence of 4.96% in their un‐
published Italian cohort [1]. The major difficulty with establishing a prevalence rate for
double diabetes is that there are no precise definitions for the different types of diabetes pre‐
senting in youth [1]. This is because clinical phenotypes frequently overlap at onset of the
disease [1]. For example, obesity and ketoacidosis can be found in both T1D and T2D [23],
and the age of diagnosis is now a poorly differentiating factor [24]. In other cases, the clini‐
cal features of double diabetes are not apparent at diagnosis but evolve over time [18].

3. Etiology and pathophysiology

There are genetic, environmental and behavioral factors that affect the pathophysiological
processes of T1D and T2D in such as way to result in double diabetes. Obesity is the central
pathophysiological mechanism for double diabetes. Obesity may arise from genetic predis‐
position or from environmental factors such as the anabolic role of insulin injection in pa‐
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tients with T1D who fail to make the necessary healthy lifestyle changes that are
recommended for maintenance of normal weight.

3.1. Genetic factors

Unlike T1D where the MHC region of chromosome 6 accounts for approximately 40% of the
genetic risk of the disease in concert with other genes [25], and in T2D where genome-wide
association studies have identified approximately 50 genetic loci associated with T2D in lean
and obese individuals [26-28], there are no distinct genes that are unique to double diabetes.
However, it is believed that the major genes that are independently associated with suscept‐
ibility to either T1D (e.g., the MHC and cytotoxic T lymphocyte-associated antigen-4
(CTLA-4) [29] or T2D (e.g., the genes encoding adiponectin (APM1) and transcription factor
7-like 2 (TCF7L2) [30] can serve as genetic determinants for double diabetes, such that the
frequency of the major T1D genetic susceptibility gene (MHC) is reduced, whereas the ex‐
pression of the genes associated with T2D is enhanced [31].

Apart from the principal genetic determinants of T1D and T2D, there are a number of genes
that could potentially lead to an outcome of double diabetes by influencing the pathogenetic
processes operating in both T1D and T2D [32]. One of such genes resulting from a genetic
variance in insulin receptor substrate 1 (IRS-1) plays an important role in insulin resistance,
a key component of T2D, and also in β cell apoptosis which is associated with T1D [33].
High mobility group A1 (HMGA1) protein, a product of the Hmga1 gene has been identi‐
fied as a crucial effector in the control of glucose homeostasis, such that impaired HMGA1
function may contribute to the development of specific forms of diabetes [34]. HMGA1-defi‐
cient indiviuduals have reduced insulin receptor expression, reduced insulin signaling and
decreased insulin secretion similar to the phenotype of T2D [34].

3.2. Environmental and behavioral factors

The epidemic of childhood obesity has led to increased diagnosis of metabolic syndrome
and T2D in all children including those with existing T1D [35]. Obese or overweight chil‐
dren have been reported to develop T1D at younger ages than children of normal weight
[35]. The SEARCH for Diabetes in Youth Study [36] reported an obesity prevalence rate of
12.6% in US youth with T1D. The study also reported a higher prevalence of overweight sta‐
tus (BMI 85th – 95th percentile) among youth with T1D than in those without diabetes
(22.1% vs. 16.1%) (P<0.05). Some children with T1D have either a first- or second-degree rel‐
ative with T2D [1]. Furthermore, weight gain is prevalent in adolescents with T1D after at‐
tainment of adult height, which might further impair insulin sensitivity [37].

Therefore, several enviromental factors could lead to the development of double diabetes by
their influence on the disease processes of T1D and T2D. Many of the major genetic factors
involved in the etiopathogenesis of T2D appear to promote the development of the disease
through their influence on obesity and feeding behavior [38]. There is evidence that rapid
growth and obesity in early childhood might increase the risk of T1D [35,39]. The strong en‐
vironmental basis for this obesity pandemic and influence on feeding behavior was recently
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pathophysiological mechanism for double diabetes. Obesity may arise from genetic predis‐
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tients with T1D who fail to make the necessary healthy lifestyle changes that are
recommended for maintenance of normal weight.

3.1. Genetic factors

Unlike T1D where the MHC region of chromosome 6 accounts for approximately 40% of the
genetic risk of the disease in concert with other genes [25], and in T2D where genome-wide
association studies have identified approximately 50 genetic loci associated with T2D in lean
and obese individuals [26-28], there are no distinct genes that are unique to double diabetes.
However, it is believed that the major genes that are independently associated with suscept‐
ibility to either T1D (e.g., the MHC and cytotoxic T lymphocyte-associated antigen-4
(CTLA-4) [29] or T2D (e.g., the genes encoding adiponectin (APM1) and transcription factor
7-like 2 (TCF7L2) [30] can serve as genetic determinants for double diabetes, such that the
frequency of the major T1D genetic susceptibility gene (MHC) is reduced, whereas the ex‐
pression of the genes associated with T2D is enhanced [31].

Apart from the principal genetic determinants of T1D and T2D, there are a number of genes
that could potentially lead to an outcome of double diabetes by influencing the pathogenetic
processes operating in both T1D and T2D [32]. One of such genes resulting from a genetic
variance in insulin receptor substrate 1 (IRS-1) plays an important role in insulin resistance,
a key component of T2D, and also in β cell apoptosis which is associated with T1D [33].
High mobility group A1 (HMGA1) protein, a product of the Hmga1 gene has been identi‐
fied as a crucial effector in the control of glucose homeostasis, such that impaired HMGA1
function may contribute to the development of specific forms of diabetes [34]. HMGA1-defi‐
cient indiviuduals have reduced insulin receptor expression, reduced insulin signaling and
decreased insulin secretion similar to the phenotype of T2D [34].

3.2. Environmental and behavioral factors

The epidemic of childhood obesity has led to increased diagnosis of metabolic syndrome
and T2D in all children including those with existing T1D [35]. Obese or overweight chil‐
dren have been reported to develop T1D at younger ages than children of normal weight
[35]. The SEARCH for Diabetes in Youth Study [36] reported an obesity prevalence rate of
12.6% in US youth with T1D. The study also reported a higher prevalence of overweight sta‐
tus (BMI 85th – 95th percentile) among youth with T1D than in those without diabetes
(22.1% vs. 16.1%) (P<0.05). Some children with T1D have either a first- or second-degree rel‐
ative with T2D [1]. Furthermore, weight gain is prevalent in adolescents with T1D after at‐
tainment of adult height, which might further impair insulin sensitivity [37].

Therefore, several enviromental factors could lead to the development of double diabetes by
their influence on the disease processes of T1D and T2D. Many of the major genetic factors
involved in the etiopathogenesis of T2D appear to promote the development of the disease
through their influence on obesity and feeding behavior [38]. There is evidence that rapid
growth and obesity in early childhood might increase the risk of T1D [35,39]. The strong en‐
vironmental basis for this obesity pandemic and influence on feeding behavior was recently
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outlined in a World Health Organization Technical Report [40] which states that ‘Changes in
the world food economy have contributed to shifting dietary patterns, for example, in‐
creased consumption of energy-dense diets high in fat, particularly saturated fat, and low in
unrefined carbohydrates. These patterns are combined with a decline in energy expenditure
that is associated with sedentary lifestyle, motorized transport, labor-saving devices at
home, the phasing out of physically-demanding manual tasks in the workplace, and leisure
time that is preponderantly devoted to physically undemanding pastimes’. However, de‐
spite the established association between obesity and the increasing prevalence of T1D, it is
unclear how these environmental processes lead to β cell destruction.

Several mechanistic models have been proposed to explain this phenomenon. Some reports
have linked high titers of glutamic acid decarboxylase autoantibody to an increase in body
mass index (BMI) [41] which suggests that increased BMI might favor the development of
an autoimmune response towards β cells. This is in line with other reports indicating that a
combination of obesity and insulin resistance speeds up the process of beta cell destruction
[35,42]. Other proposed mechanisms for beta cell destruction include the the role of upregu‐
lation of autoimmune response by obesity-associated inflammatory cytokines, and hyper‐
leptinemia-associated T-cell activation [43,44].

Other researchers have proposed the following mechanism for obesity-induced insulin re‐
sistance : (a) the liberation of large amounts of non-esterified fatty acids by visceral fat
which stimulate neoglucogenesis in the liver and diminish glucose uptake in the muscles;
(b) the association of obesity with increased activity of the sympathetic nervous system,
which in combination with direct release of tumor necrosis factor, resistin and other adipo‐
cytokines contribute to insulin resistance; (c) the role of the accummulation of local intra‐
myocellular triglycerides on muscle insulin senstivity [45].

In additon to the above mechanistic models, several hypotheses have been advanced to ex‐
plain the association between obesity and rising prevlaence of T1D. The most prominent of
these hypotheses is the accelerator hypothesis which states that T1D and T2D are the same
disease state set in different genetic backgrounds [46]. It originally proposed three major fac‐
tors as the basis for the development of diabetes: genetic predisposition, insulin resistance
and intrinsic rate of beta cell loss. The accelerators have now been reduced to two without
altering the premise of the hypothesis [46]. The first is insulin resistance which is believed to
accelerate β-cell apoptosis while rendering them more immunogenic. It posits that insulin
resistance is the primary driver for the development of diabetes in a susceptible individual
and argues that insulin resistance increases through weight gain as does the rate of onset of
diabetes [47]. The second accelerator is the hierachy of responsive genes whose reactivity
modulates the gradient of β-cell declining function [46].

The central premise of the accelerator hypothesis is based on studies reporting rising inci‐
dence of obesity [6,48] and T1D in children [49,50]. These findings were strengthened by re‐
ports of an association between weight gain and an increased risk to develop diabetes
mellitus [51-53], as well as several reports from Europe indicating that an increasing number
of children are being diagnosed with T1D at an earlier age [54-58]. This hypothesis proposes
a direct cause and effect relationship between obesity and the development of both T1D and
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T2D, and states that as the population becomes heavier (fatter), diabetes appears earlier,
thus suggestive of a true acceleration rather than an incidental risk association [59].

The accelerator hypothesis is controversial because studies designed to prove its validity
have reached various conclusions [35,60-65]. Reports from the United Kingdom indicated a
relationship between younger age at diagnosis of T1D and higher body mass index (BMI) in
Middlesbrough [35], and Plymouth [64],but not in Birmingham [61]. Other European studies
of large cohorts of German and Austrian children with T1D supported the hypothesis
[62,63], although studies from Spain and Australia [66,67] did not. Two studies have been
conducted in the United States to examine this hypothesis. Dabelea et al [65] tested the hy‐
pothesis in six centers in the US (Cincinnati, Colorado, Hawaii, Seattle, South Carolina,
Southern California) and found a significant relationship between BMI standard deviation
score (SDS) and age at diagnosis only among patients with low C-peptide values at diagno‐
sis. Evertsen et al [50] reported a significant inverse relationship between age at diagnosis
and BMI SDS in their Wisconsin cohort. Thus, there is no consensus on the validity of the
hypothesis among children and adolescents with T1D in the United States.

4. Clinical features

Traditionally, a patient with the classic symptoms of diabetes which include polyuria, poly‐
dipsia, and polyphagia who also has a family history of T2D, obesity, acanthosis nigricans
and lack of both ketosis and diabetes-associated autoantibodies is considered to have T2D
[68]. On the other hand, patients with T1D are usually thought to be thin, may present with
ketosis, and have diabetes associated autoantibodies. [18] Patients with double diabetes pos‐
sess the features of both T1D and T2D which could present siimultaneously at the time of
diagnosis, or develop sequentially over time [18].

Features of Double Diabetes in Child or Adolescent with Pre-existingType 1 diabetes: The signs and
symptoms typical of T2D can develop gradually in a child or adolescent with pre-existing
T1D. The rate of the development of these features of increased metabolic load depends on
the individual’s genetic makeup and his or her degree of weight gain. These patients are
usually overweight or obese and require a high dose of insulin to maintain euglycemia be‐
cause of obesity-related insulin resistance [31,69]. Some of these patients may have hyper‐
tension, dyslipidemia, and poor diabetes control. Female adolescent patients may have
polycystic ovarian syndrome.

Features of Double Diabetes in Child or Adolescent with Pre-existing Type 2 diabetes: The presence
of increased ‘autoimmune load’ as marked by the presence of diabetes-associated autoanti‐
bodies in a child or adolescent with all of the typical clinical features of T2D - excess body
weight, acanthosis nigricans, high blood pressure, dyslipidemia, polycystic ovary syn‐
drome, positive family history of T2D, belonging to ethnic/racial minority group – is consis‐
tent with a diagnosis of double diabetes [31,69].
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T2D, and states that as the population becomes heavier (fatter), diabetes appears earlier,
thus suggestive of a true acceleration rather than an incidental risk association [59].

The accelerator hypothesis is controversial because studies designed to prove its validity
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hypothesis among children and adolescents with T1D in the United States.
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Traditionally, a patient with the classic symptoms of diabetes which include polyuria, poly‐
dipsia, and polyphagia who also has a family history of T2D, obesity, acanthosis nigricans
and lack of both ketosis and diabetes-associated autoantibodies is considered to have T2D
[68]. On the other hand, patients with T1D are usually thought to be thin, may present with
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sess the features of both T1D and T2D which could present siimultaneously at the time of
diagnosis, or develop sequentially over time [18].

Features of Double Diabetes in Child or Adolescent with Pre-existingType 1 diabetes: The signs and
symptoms typical of T2D can develop gradually in a child or adolescent with pre-existing
T1D. The rate of the development of these features of increased metabolic load depends on
the individual’s genetic makeup and his or her degree of weight gain. These patients are
usually overweight or obese and require a high dose of insulin to maintain euglycemia be‐
cause of obesity-related insulin resistance [31,69]. Some of these patients may have hyper‐
tension, dyslipidemia, and poor diabetes control. Female adolescent patients may have
polycystic ovarian syndrome.

Features of Double Diabetes in Child or Adolescent with Pre-existing Type 2 diabetes: The presence
of increased ‘autoimmune load’ as marked by the presence of diabetes-associated autoanti‐
bodies in a child or adolescent with all of the typical clinical features of T2D - excess body
weight, acanthosis nigricans, high blood pressure, dyslipidemia, polycystic ovary syn‐
drome, positive family history of T2D, belonging to ethnic/racial minority group – is consis‐
tent with a diagnosis of double diabetes [31,69].
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5. Diagnosis

There is the need to formulate universal diagnostic criteria to facilitate the recognition of
double diabetes either at the time of onset of hyperglycemia or in the course of the disease
process. Pozzilli et al [16,31] recently introduced the concept of ‘metabolic load’ to describe
the features of T2D and ‘autoimmune load’ to describe the features of T1D. They stated that
in an obese child or adolescent with hyperglycemia, an increased ‘metabolic load’ and a re‐
duced ‘autoimmune load’ are features of double diabetes (Figure 1). Based on this principle,
they advanced the following clinical and biochemical guidelines to facilitate the diagnosis of
double diabetes:

i. The presence of clinical features of T2D, hypertension, dyslipidemia, increased
body mass index with increased cardiovascular risk, compared with children with
classical T1D. Family history for T2D and T1D might be present.

ii. The presence of a reduced number of clinical features typical of T1D, such as
weight loss, polyuria and polydipsia, development of ketoacidosis; insulin therapy
is not the first line of therapy, by contrast to the situation in subjects with classical
T1D.

iii. The presence of autoantibodies to islet cells, although with a reduced number and
titer compared with T1D, and probably a reduced risk associated with the MHC
locus compared with subjects with T1D. As compared with T1D, where insulin re‐
sistance and obesity are not common features, double diabetes is always character‐
ized by an obese phenotype, with the additional coexistence of β cell
autoimmunity.

Figure 1. The relationship between T1D, T2D and Double Diabetes, TID = type 1 diabetes, T2D = type 2 diabetes, FBG
= fasting blood glucose, 2HPP = 2 hour post prandial glucose level; BMI = body mass index; Abs = antibodies
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6. Treatment

There is no consensus on the best therapeutic regimen for double diabetes. However, be‐
cause insulin resistance is central to the pathophysiological mechanism of double diabetes,
optimal management of this condition necessitates the addition of insulin sensitizers to the
patient’s therapeutic regimen under appropriate clinical circumstances [18]. Intensification
of lifestyle modification strategies should be encouraged to maintain normal weight and at‐
tenuate insulin resistance. Finally, because these patients require increased doses of insulin
to maintain euglycemia, it is necessary to develop an insulin titration regimen that would
ensure adequate glycemic control.

6.1. The burden of poor glycemic control in children and adolescents

The availability of insulin analogs and diabetes monitoring devices has improved diabetes
care around the world. However, according to recent studies, the prevalence of poorly-con‐
trolled diabetes in youth is still high [70]. This poor glycemic control predisposes the youth
to acute and chronic complications of diabetes.

A report by the SEARCH for Diabetes in Youth Study group showed that a high proportion
of youth with diabetes had high HbA1c values, with 17% of the youth with TIDM, and 27%
of those with T2D showing poor control, defined as HbA1c ≥ 9.5% [70]. The American Dia‐
betes Association target values for HbA1c in relation to age are as follows: 7.5-8.5% at age <
6 years, <8% at age 6-12 years, <7.5% at age 13-18 years, and <7.0% at age 19+ years [68].
Thus only a minority of children and adolescents meet the recommended glycemic targets.

The physiological factors that contribute to poor glycemic control in youth are in part relat‐
ed to the hormonal changes in puberty. Puberty is associated with relative insulin resistance,
reflected in a two- to threefold increase in the peak insulin response to oral or intravenous
glucose [71]; insulin-mediated glucose disposal is approximately 30% lower in adolescents
than in prepubertal children or young adults [72]. This physiologic insulin resistance of pub‐
erty is of minimal consequence in the presence of adequate beta-cell function [73]. The cause
of this physiologic resistance is likely the transitory increased activity of the growth hor‐
mone-insulin growth factor axis, as well as sex steroids, which coincides with the physiolog‐
ic insulin resistance of adolescence [74] and act as counter-regulatory hormones. As a result
of these physiological changes, insulin dosages are often increased to overcome the resist‐
ance to insulin, but metabolic control still frequently worsens during the later stages of pu‐
bertal development [37].

6.2. Alternative therapeutic strategies

The increasing insulin resistance and deterioration of glycemic control in adolescents create
a great need for alternative therapeutic strategies in adolescents with T1D. One such strat‐
egy is the addition of a drug that improves insulin sensitivity such as metformin, a bigua‐
nide that acts principally by increasing insulin sensitivity in the liver by inhibiting hepatic
gluconeogenesis and thereby reducing hepatic glucose production [75]. Other minor mecha‐

Double Diabetes: The Search for a Treatment Paradigm in Children and Adolescents
http://dx.doi.org/10.5772/53314

151



5. Diagnosis

There is the need to formulate universal diagnostic criteria to facilitate the recognition of
double diabetes either at the time of onset of hyperglycemia or in the course of the disease
process. Pozzilli et al [16,31] recently introduced the concept of ‘metabolic load’ to describe
the features of T2D and ‘autoimmune load’ to describe the features of T1D. They stated that
in an obese child or adolescent with hyperglycemia, an increased ‘metabolic load’ and a re‐
duced ‘autoimmune load’ are features of double diabetes (Figure 1). Based on this principle,
they advanced the following clinical and biochemical guidelines to facilitate the diagnosis of
double diabetes:

i. The presence of clinical features of T2D, hypertension, dyslipidemia, increased
body mass index with increased cardiovascular risk, compared with children with
classical T1D. Family history for T2D and T1D might be present.

ii. The presence of a reduced number of clinical features typical of T1D, such as
weight loss, polyuria and polydipsia, development of ketoacidosis; insulin therapy
is not the first line of therapy, by contrast to the situation in subjects with classical
T1D.

iii. The presence of autoantibodies to islet cells, although with a reduced number and
titer compared with T1D, and probably a reduced risk associated with the MHC
locus compared with subjects with T1D. As compared with T1D, where insulin re‐
sistance and obesity are not common features, double diabetes is always character‐
ized by an obese phenotype, with the additional coexistence of β cell
autoimmunity.

Figure 1. The relationship between T1D, T2D and Double Diabetes, TID = type 1 diabetes, T2D = type 2 diabetes, FBG
= fasting blood glucose, 2HPP = 2 hour post prandial glucose level; BMI = body mass index; Abs = antibodies

Hot Topics in Endocrine and Endocrine-Related Diseases150

6. Treatment

There is no consensus on the best therapeutic regimen for double diabetes. However, be‐
cause insulin resistance is central to the pathophysiological mechanism of double diabetes,
optimal management of this condition necessitates the addition of insulin sensitizers to the
patient’s therapeutic regimen under appropriate clinical circumstances [18]. Intensification
of lifestyle modification strategies should be encouraged to maintain normal weight and at‐
tenuate insulin resistance. Finally, because these patients require increased doses of insulin
to maintain euglycemia, it is necessary to develop an insulin titration regimen that would
ensure adequate glycemic control.

6.1. The burden of poor glycemic control in children and adolescents

The availability of insulin analogs and diabetes monitoring devices has improved diabetes
care around the world. However, according to recent studies, the prevalence of poorly-con‐
trolled diabetes in youth is still high [70]. This poor glycemic control predisposes the youth
to acute and chronic complications of diabetes.

A report by the SEARCH for Diabetes in Youth Study group showed that a high proportion
of youth with diabetes had high HbA1c values, with 17% of the youth with TIDM, and 27%
of those with T2D showing poor control, defined as HbA1c ≥ 9.5% [70]. The American Dia‐
betes Association target values for HbA1c in relation to age are as follows: 7.5-8.5% at age <
6 years, <8% at age 6-12 years, <7.5% at age 13-18 years, and <7.0% at age 19+ years [68].
Thus only a minority of children and adolescents meet the recommended glycemic targets.

The physiological factors that contribute to poor glycemic control in youth are in part relat‐
ed to the hormonal changes in puberty. Puberty is associated with relative insulin resistance,
reflected in a two- to threefold increase in the peak insulin response to oral or intravenous
glucose [71]; insulin-mediated glucose disposal is approximately 30% lower in adolescents
than in prepubertal children or young adults [72]. This physiologic insulin resistance of pub‐
erty is of minimal consequence in the presence of adequate beta-cell function [73]. The cause
of this physiologic resistance is likely the transitory increased activity of the growth hor‐
mone-insulin growth factor axis, as well as sex steroids, which coincides with the physiolog‐
ic insulin resistance of adolescence [74] and act as counter-regulatory hormones. As a result
of these physiological changes, insulin dosages are often increased to overcome the resist‐
ance to insulin, but metabolic control still frequently worsens during the later stages of pu‐
bertal development [37].

6.2. Alternative therapeutic strategies

The increasing insulin resistance and deterioration of glycemic control in adolescents create
a great need for alternative therapeutic strategies in adolescents with T1D. One such strat‐
egy is the addition of a drug that improves insulin sensitivity such as metformin, a bigua‐
nide that acts principally by increasing insulin sensitivity in the liver by inhibiting hepatic
gluconeogenesis and thereby reducing hepatic glucose production [75]. Other minor mecha‐

Double Diabetes: The Search for a Treatment Paradigm in Children and Adolescents
http://dx.doi.org/10.5772/53314

151



nisms include decreasing fatty acid oxidation and intestinal glucose absorption [76], and in‐
creasing peripheral insulin sensitivity by enhancing glucose uptake in the muscles [77].
Metformin has mainly been used in adult patients with T2D and several studies have shown
beneficial effects on body weight, blood lipid levels and metabolic control [78-80]. Random‐
ized controlled trials with metformin in adolescents with T2D reported an improvement in
fasting plasma glucose level [81]. However, there have been conflicting reports from studies
in adolescents with T1D [75-77,82,83]. The benefit was transient in one study [83] and nega‐
tive in another [82]. The main drawback of these studies was the small sample size and lack
of reporting on long term benefit and safety of adjunctive therapy in many of them [84].

Evidence for the coexistence of insulin resistance and insulin deficiency in childhood-on‐
set  T1D  adults  has  been  demonstrated  by  the  insulin-glucose  clamp  technique  [85,86].
Furthermore, two randomized, placebo-controlled trials have investigated the role of ad‐
junctive metformin therapy in adolescents with T1D. In a randomized placebo controlled
trial  in  children  with  T1D  who  were  treated  for  3  months  with  adjunctive  metformin,
Sarnblad et  al  [77]  reported a  significant  decrease  in  A1c  from 9.6% to  8.7%(p<0.05)  in
the metformin group, compared to 9.5 to 9.2% (p=NS) in the placebo group. In another
study, Hamilton et al [75] reported an HbA1c 0.6% lower in the metformin group than in
the placebo group (P<0.035),  after  3  months of  therapy.  Mean HbA1c at  the end of  the
study was decreased by 0.3% in the metformin group, while it  increased by 0.3% in the
placebo  group  (p=0.03).  Both  studies  reported  no  difference  in  mean  body  mass  index
and  serum  lipids  in  the  metformin  versus  placebo  group  after  3  months  of  therapy.
Hamilton et al [75] reported no significant changes in mean insulin sensitivity, measured
by frequently sampled glucose after intravenous glucose tolerance test, after 3 months of
metformin therapy in the metformin versus placebo group. Sarnblad et al [77], using hy‐
perinsulinemic  euglycemic  clamp  study,  demonstrated  no  significant  change  in  insulin
sensitivity after 3 months between the groups, but they did report an increase in insulin
sensitivity in the metformin group during the study (P<0.05). Hamilton et al [75] report‐
ed a significant  change in the mean daily insulin dose in the metformin group in com‐
parison  to  the  placebo  group  after  3  months  of  metformin  therapy  of  -0.14  vs.  0.02,
P=0.01.  However,  Sarnblad [77]  did not  find a significant  difference in the daily insulin
dosage  between  the  metformin  and  placebo  groups  after  3  months  of  therapy  (1.1  vs.
1.3).

The two randomized, controlled studies by Hamilton and Sarnblad did not categorically re‐
cruit children and adolescents with double diabetes. This is important because this sub-set
of diabetic youth is known to be insulin resistant and may require a careful titration of insu‐
lin doses. Adjunctive metformin therapy to achieve glycemic control may also be more effec‐
tive in this subset of diabetes patients.

Furthermore, even though these randomized controlled trials were designed to investigate
the effectiveness of adjunctive metformin therapy compared to insulin therapy alone, they
were not designed to compare metformin adjunctive therapy to protocol-driven, optimized
insulin therapy. Neither study demonstrated a strong head-to-head comparison of adjunc‐
tive metformin to patient-directed, treat to target insulin regimen to ensure optimal insulin
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delivery during the study. Such a comparison is critical because poor glycemic control con‐
tributes to insulin resistance [87] as there is an inverse relationship between glycemic control
(as determined by HbA1c) and insulin sensitivity (estimated by glucose infusion rate during
euglycemic-hyperinsulinemic clamp) [88].

6.3. The need for an insulin titration regimen for double diabetes

In general, patients with double diabetes are overweight or obese and the resultant insulin
resistance increases their insulin requirement [1]. However, in addition to requiring a high
insulin dose, evidence suggests that many patients often do not have insulin doses titrated
sufficiently to achieve target levels of glucose control [89,90]. These patients remain on sub‐
optimal doses of insulin and fail to reach treatment targets [91]. In a recent study Blonde et
al [91] demonstrated the efficacy of algorithm-guided, patient titration of once daily long
acting insulin in normalizing HbA1c in adult patients with T2D. They conducted a 20-week,
randomized, controlled, open label, multicenter, parallel-group study comparing the safety
and efficacy of insulin detemir administered once daily in combination with oral antidiabet‐
ic agents when titrated to two fasting plasma glucose targets ( 3.0-5.0 mmol/L versus 4.4.-6.1
mmol/L) for the treatment of T2D in adults. In that study, fasting plasma glucose level de‐
creased throughout the first 8 weeks of the study and then generally remained flat for each
treatment group. The combined treatment groups achieved a mean HbA1c level of 6.9% at
the end of the study. There were significant reductions in HbA1c in both titration groups: in
the 3.9-5.0 mmol/L fasting plasma glucose target group, HbA1c values decreased from a
baseline mean of 8% to 6.8% at 20 weeks. In the 4.4-6.1 mmol/L fasting plasma glucose target
group, HbA1c values decreased from a 7.9% at baseline to 7.0% at 20 weeks. Overall rates of
hypoglycemia episodes were low and were comparable between treatment groups: 7.73 and
5.27 events/subject/year for the 3.9-5 mmol/L and 4.4-6.1 mmol/L groups, respectively. Mean
weight changes from baseline to the end of the study were small and did not differ signifi‐
cantly between groups.

Our group is conducting a randomized control trial to explore the role of protocol-driven
treat-to-target regimen in children and adolescents with double diabetes. Given the rising
prevalence of obesity in the general population we speculate that many children with T1D
will eventually develop double diabetes. Thus, it is timely to devise an appropriate manage‐
ment protocol to treat this burgeoning sub-population. Our aim is to primarily study this
group of patients to determine the role of protocol-driven, treat-to-target regimen alone or
in combination with metformin therapy in their care. Metformin is approved by the Food
and Drug Administration for use in children with T2D, and recently it has been recommend‐
ed that metformin added to insulin therapy might be used in clinical practice in adolescents
with T1D who are poorly controlled and show evidence of insulin resistance (double diabe‐
tes) as noted in T2D [84]. Given the conflicting reports on the efficacy of adjunctive metfor‐
min therapy in adolescents with T1D, this double blind, randomized, placebo controlled
trial will demonstrate the effect of meformin on HbA1c reduction under optimized insulin
titration regimen. Secondly, we will investigate whether a titrated insulin regimen alone
would have a superior-, or similar effect to combined metformin and titrated insulin regi‐
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men in children and adolescents with double diabetes and how this modality of treatment
compares to standard insulin therapy.

Blonde et al [91] demonstrated that self-titration regimens facilitate empowerment of pa‐
tients, allowing them to become more involved in their treatment, which can result in im‐
proved glycemic control. Patient-directed insulin titration is increasingly important as
health care practitioners often do not have the resources to advise patients with the frequen‐
cy needed to effectively titrate their insulin doses to maintain euglycemia. Optimal patient
empowerment through self-titration regimens is critical for the motivation to reach treat‐
ment targets.

7. Prognosis

The coexistence of both T1D and T2D in an individual should in principle denote an in‐
creased risk for the complications of both diseases [32]. Therefore, it is possible that these
individuals are at higher risk for the microvascular and metabolic complications of T1D and
the macrovascular complications of T2D [18]. This is supported by investigations by Or‐
chard et al [85,92], in the Epidemiology of Diabetes Complications Study, who reported that
patients with T1D who have a positive family history of T2D were at greater risk for cardio‐
vascular disease than those who did not. Furthermore, data from the Diabetes Control and
Complications Trial (DCCT) show that weight gain and central obesity are associated with
insulin resistance, hypertension, and dyslipidemia in T1D [93], and data from Epidemiology
of Diabetes Interventions and Complications (EDIC) Study show that central obesity is an
independent risk factor for incident microalbuminuria in individuals with T1D [94]. Howev‐
er, both DCCT and EDIC follow up studies show that intensive diabetes therapy results in a
uniform, major reduction in (and significant protection from) microvascular disease [95],
even in overweight or obese T1D patients [92]. Thus, there is the need to devise a consensus
treatment regimen that would ensure the best glycemic and metabolic outcome for patients
with double diabetes.

8. Conclusions

The global pandemic of obesity in children and adolescents has resulted in a new expression
of diabetes mellitus known as double diabetes. The entity encompasses the autoimmune
load of T1D and the metabolic load of T2D. There is no consensus on the best therapeutic
modality for this new expression of diabetes mellitus. However, optimal therapeutic options
must address the coexistence of both metabolic and autoimmune components of diabetes
mellitus in the patient. There have also been calls to revise the current classification of diabe‐
tes mellitus to take into account the surging prevalence of double diabetes in children and
adolescents.
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1. Introduction

Glucagon-like peptide (GLP-1) is derived from the processing of the proglucagon gene. This
peptide has diverse biological activities affecting peripheral tissues and the central nervous
system. Thus, for example, GLP-1 stimulates pancreas insulin secretion in a glucose-depend‐
ent manner after eating, hence its denomination as an “incretin”. GLP-1 has also been con‐
sidered an anorexigenic peptide, while also reducing cerebral glucose metabolism in the
human hypothalamus and brain stem. These GLP-1 actions in the pancreas and central nerv‐
ous system are achieved through GLP-1 receptors (GLP-1R) that share the same gene se‐
quence in both tissues. In short, GLP-1 is an antidiabetogenic agent due to its action in the
pancreas while acting in hypothalamic areas, helping to generate a state of satiety. Interest‐
ingly, GLP-1/exendin-4 administration in obese Zucker rats, which also develop insulin re‐
sistance, hyperinsulinemia and hyperlipidemia, reduces food intake and induced weight
loss, which applies to lean rats, too.

The mid 20th century recorded the first indications that the hypothalamus plays a major role
in feeding behaviour and energy homeostasis, whereby the electrical stimulation of the ven‐
tromedial hypothalamus (VMH) suppresses food intake, and the bilateral lesions of these
structures induce hyperphagia and obesity. The VMH was therefore called the satiety cen‐
tre. In contrast, alterations in the lateral hypothalamic area (LH) induced the opposite set of
responses, and the LH was hence called the hunger centre. At least two kinds of glucose sen‐
sor neurons have been described in the brain: glucose-excited neurons are located mainly in
the VMH and are excited by increased glucose levels in the extracellular space, while glu‐
cose-inhibited neurons (mainly present in the LH) are excited by decreases in glucose con‐
centrations. A direct relationship has also been established between the regulation of food
intake and energy homeostasis and hypothalamic metabolic sensor activities.
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Both AMP-activated protein kinase (AMPK) and the mammalian target of rapamycin
(mTOR) and its downstream target p70 ribosomal protein S6 Kinase 1 (S6K1) contribute to
detecting cellular energy and integrate nutrient and hormonal signals in order to maintain
energy homeostasis in the organism. Thus, the Ser/Thr kinase AMPK is activated during en‐
ergy depletion, when the AMP/ATP ratio increases and triggers a large number of down‐
stream effectors by stimulating ATP-generating catabolic pathways and inhibiting anabolic
pathways in order to restore the energy balance. Specifically, it has been reported that fast‐
ing increases, and re-feeding decreases, AMPK activity in several hypothalamic areas. Like‐
wise, the hypothalamic mTOR/S6K1 pathway has also been involved in the control of
feeding and in the regulation of energy balances. Thus, mTOR is activated by glucose and
amino acids and, therefore, hypothalamic AMPK and mTOR/S6K1 respond to changes in
glucose and other nutrients in the opposite way, and their effects on the regulation of food
intake may overlap. Our recent results indicate that AMPK and S6K1 are functionally ex‐
pressed in the VMH and LH areas, with differential activation in response to glucose fluctu‐
ations, in both in vitro models of hypothalamic organotypic slice cultures and animals in
response to fasting and re-feeding, as well as in Zucker obese rats with a lower activation
degree of hypothalamic AMPK in response to fasting.

In addition, we have reported that GLP-1/exendin-4 treatment inhibits the activities of
AMPK and S6K1 when the activation of these protein kinases peak in both the VMH and LH
areas. In pathophysiological situations, as occurs in Zucker obese rats, exendin-4 seems to
act as a compensator for the variations in AMPK activity produced either by oscillations in
glucose levels or by pathologies such as obesity or episodes of hyperinsulinemia.

In conclusion, it seems that GLP-1/exendin-4 acts in the VMH and LH, modulating the acti‐
vation status of AMPK and S6K1 in response to glucose fluctuations, helping to improve
pathophysiological states such as obesity and insulin resistance. The effects of these peptides
in the hypothalamus are mediated through the activation of PKA, PKC and PI3K, as well as
the phosphatase PP2.

2. Glucagon-like peptide-1: Dual role as an incretin and anorexigenic
peptide

Glucagon and related peptides constitute a family derived from the proglucagon molecule,
which is identical in sequence in the pancreas, intestine and brain [1], although post-transla‐
tional processing of the precursor yields different products in these organs [2]. (Figure 1)

In gut L-cells, the C–terminal portion of proglucagon is predominantly processed to gluca‐
gon-like peptide-1 (GLP-1) and GLP-2. Further processing of GLP-1 in these cells produces
the amidated and truncated forms of the peptide: GLP-1 [7-36] amide, GLP-1 [7-37] and
GLP-1 [1-36] amide, with the first two being the biologically active forms, which are cited in
the rest of the test as GLP-1. Although the truncated forms of GLP-1 are reported to have
strong incretin activity, it is currently known that they are also important in the functioning
of other peripheral tissues and the central nervous system. Both forms of the peptide are in‐
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distinguishable in their ability to produce biological effects through GLP-1 receptors located
in pancreatic cells [3], gastric glands [4] and in adipocytes [5], lung [6] and brain [7-10].

Figure 1. Posttranslational processing of preproglucagon. GLP: Glucagon-like peptide; GRPP: Glicentin-related pancre‐
atic peptide; IP: Intermediate peptide; MPGF: the major proglucagon fragment; PS: Signal peptide.

In addition, GLP-1 and its own receptors are synthesized in the same brain regions, strongly
supporting the actions of this peptide on the CNS. Thus, the perfusion of several brain nu‐
clei with GLP-1 produces a selective release of neurotransmitters [11, 12], and the central
and peripheral administration of this peptide inhibits food and drink intake [13-15]. The co-
expression of GLP-1R, glucokinase, and glucose transporter protein 2 (GLUT-2) in the neu‐
rons involved in the control of food intake suggests that these cells may play a role in
glucose sensing in the brain [14, 16-19]. Furthermore, GLP-1 has beneficial cardiovascular ef‐
fects in humans by lowering blood pressure and improving myocardial function [20, 21], al‐
though in rats this peptide significantly increases arterial blood pressure and heart rate [22,
23]. Interestingly, GLP-1 has proliferative and antiapoptotic actions on pancreatic β-cells [24,
25], and has neurotrophic and neuroprotective features [21]. Considering the functions of
GLP-1, its exendin-4 analogue is used in the treatment of type 2 diabetes [26].

Within the multiple functions of GLP-1, we have selected two important ones, namely, an
incretin and an anorexigenic peptide.
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the amidated and truncated forms of the peptide: GLP-1 [7-36] amide, GLP-1 [7-37] and
GLP-1 [1-36] amide, with the first two being the biologically active forms, which are cited in
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distinguishable in their ability to produce biological effects through GLP-1 receptors located
in pancreatic cells [3], gastric glands [4] and in adipocytes [5], lung [6] and brain [7-10].

Figure 1. Posttranslational processing of preproglucagon. GLP: Glucagon-like peptide; GRPP: Glicentin-related pancre‐
atic peptide; IP: Intermediate peptide; MPGF: the major proglucagon fragment; PS: Signal peptide.

In addition, GLP-1 and its own receptors are synthesized in the same brain regions, strongly
supporting the actions of this peptide on the CNS. Thus, the perfusion of several brain nu‐
clei with GLP-1 produces a selective release of neurotransmitters [11, 12], and the central
and peripheral administration of this peptide inhibits food and drink intake [13-15]. The co-
expression of GLP-1R, glucokinase, and glucose transporter protein 2 (GLUT-2) in the neu‐
rons involved in the control of food intake suggests that these cells may play a role in
glucose sensing in the brain [14, 16-19]. Furthermore, GLP-1 has beneficial cardiovascular ef‐
fects in humans by lowering blood pressure and improving myocardial function [20, 21], al‐
though in rats this peptide significantly increases arterial blood pressure and heart rate [22,
23]. Interestingly, GLP-1 has proliferative and antiapoptotic actions on pancreatic β-cells [24,
25], and has neurotrophic and neuroprotective features [21]. Considering the functions of
GLP-1, its exendin-4 analogue is used in the treatment of type 2 diabetes [26].

Within the multiple functions of GLP-1, we have selected two important ones, namely, an
incretin and an anorexigenic peptide.
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2.1. GLP-1 actions as incretin hormone

The proposals made in 1906 by Moore et al. [27] on the antidiabetogenic effect of intestinal
factors, and in 1929 by Zung & La Barre [28] on the release of a substance from intestinal
mucosa with properties to decrease glycaemia, signalled the start of the development of the
incretin concept and the study of the relationships between the gut and the endocrine pan‐
creas. However, for many years these suggestions were ignored, until the development of
radioimmunoassays, when Elrich et al. [29] demonstrated that the insulin secretion response
to an oral glucose overload was greater to that obtained after intravenous perfusion with the
same amount of glucose. This lends support to the belief that substances from the intestine
were involved in the postprandial control of insulin secretion, which was referred to accord‐
ingly as the incretin effect. It is accepted that 20% to 60% of the increase in postprandial in‐
sulin secretion is due to this effect; with the broad oscillation being explained by the amount
and composition of food intake.

The functional relationships between the intestine and the pancreatic islet were named by
Unger and Eisentraut in 1969 [30] as the enteroinsular axis, while the criteria formulated by
Creutzfeldt [31] considered a molecule to be incretin when it is secreted in response to nu‐
trients, and that physiological concentrations increased the secretion of insulin in the pres‐
ence of high glucose concentrations.

The first peptide described with incretin activity was the gastric inhibitory polypeptide
(GIP) that went on to be referred to also as the glucose-dependent insulinotropic polypep‐
tide GIP). Thereafter, the observation of incretin activity after the inactivation of GIP sug‐
gested the existence of other molecules with an incretin effect. Thus, in experimental models
where GIP was blocked by its own antibodies 50-80% of incretin activity was still observed.
We now know that GLP-1 has a greater incretin effect than GIP, being considered the most
powerful incretin molecule of all those known. In other words, a molecule with incretin ac‐
tivity may be defined as a hormone of intestinal origin that potentiates the secretion of insu‐
lin after the oral ingestion of nutrients. Knowledge of incretins has been very useful for a
better understanding of certain pathophysiological entities [32]. In 1986, Nauck et al. [33]
first documented a reduced incretin effect in patients, with type 2 diabetes. It is important to
note that Nauck et al. described this reduced effect with GIP and not with GLP-1, because at
that time GIP was the only incretin known. However, a year later [34], GLP-1 was identified
as an incretin hormone and shown to be more effective than GIP to stimulate insulin secre‐
tion on a molar basis and at an equivalent level of glucose concentration [35]. Both in non-
diabetic and type 2 diabetic subjects, GLP-1 was more effective than GIP at enhancing
insulin secretion and lowering glucagon concentrations [36].

The recognition that native GLP-1 is quickly degraded by the protease dipeptidyl peptidase
IV (DPP-4) led to the development of GLP-1 agonists that are resistant to this enzyme [37].
The degradation by DPP-4 of exenatide and liraglutide and DPP-4 inhibitors (sitagliptin,
saxagliptin, vildagliptin and linagliptin) currently represents an effective therapeutic option
for patients with type 2 diabetes. Furthermore, several agents have been developed in recent
years, including longer acting DPP-4 resistant GLP-1 agonists.
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In addition, many biological effects of GLP-1, other than incretin actions, have been reported
in recent decades, representing a good tool for several therapeutic treatments. These GLP-1
effects include properties such as an anorexic peptide, beneficial cardiovascular actions in
humans, increased pulmonary surfactant formation in human and experimental animals,
pancreatic islet neogenesis and proliferative and antiapoptotic actions. GLP-1 receptors are
also widely expressed in the brain [9, 10], where their agonists produce a selective release of
neurotransmitters [11, 12] and increase GLP-1 receptor expression in glia after a mechanical
lesion of the rat brain has been reported [38]. Accordingly pre-clinical data suggest a neuro‐
protective/neurotrophic function of GLP-1, and some authors have proposed that this pep‐
tide may have a positive potential role for reversing neurodegenerative disorders [21].

2.2. GLP-1 actions in the control of food intake

A number of peptide hormones, previously thought to be specific to the gastroenteropancre‐
atic system and later found also in the mammalian brain, have been shown to modulate ap‐
petite, energy homeostasis and body weight. They have these physiological effects together
with other neuropeptides, such as neuropeptide Y (NPY), opioid peptides, galanin, vaso‐
pressin, and GHRH. Peptide Y (Y3-36) is also released from the gastrointestinal tract post‐
prandially, and acts on the NPY Y2 receptor in the arcuate nucleus to inhibit feeding, with a
long–term effect [39]. Conversely, other satiety signals induced by gut-brain peptides such
as GLP-1 [13-15], GLP-2 [40] and cholecystokinin produced a short-term effect, while insulin
and leptin [41] inhibit the appetite by increasing the formation of pro-opiomelanocortin
(POMC) and reducing NPY action. In addition, ghrelin, a peptide released by the stomach,
is stimulated before meals to facilitate NPY action.

GLP-1 and GLP-2 significantly modify feeding behaviour. The intracerebroventricular (icv)
or subcutaneous administration (sc) of GLP-1 produced a marked reduction in food intake
and water ingestion [13-15]. Exendin-4 proved also to be a potent agonist of GLP-1 by de‐
creasing both food and water intake in a dose-dependent manner. Pre-treatment with exen‐
din [9-39], an inhibitor of the GLP-1 receptor, reversed the inhibitory effects of GLP-1 and
exendin-4. These findings suggest that GLP-1 may modulate both food and water intake
through either a central or peripheral mechanism. Similar results have been found in hu‐
mans when the peptide was administered in the periphery [42]. After the subcutaneous ad‐
ministration of GLP-1, it could enter the brain by binding to blood–brain–barrier-free organs
such as the subfornical organ and the area postrema [43], or through the choroid plexus,
which has a high density of GLP-1 receptors [17].

Several observations suggest a possible action of GLP-1 on thirst-regulatory mechanisms,
since GLP-1R mRNA has been located in brain areas related to the control of thirst, such as
the preoptic area, glial cells lining the third ventricle and, especially, the neurons of the
PVN, which is a key station for water balance regulation through the antidiuretic effects of
vasopressin released by its projection to the neurohypophysis [44]. In addition, the icv ad‐
ministration of GLP-1 significantly increases the circulating levels of vasopressin, and the
colocalization of the mRNA of the GLP-1 receptor, and vasopressin has been found in the
neurons of the PVN [45].
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The control of feeding behaviour by GLP-1 and exendin-4 has been explored in Zucker
obese rats, resulting in a reduction in food intake, with exendin-4 being much more potent
than GLP-1. The long-term sc administration of exendin-4 decreased daily food intake and
practically blocked weight gain in obese rats. These observations highlight the potential use‐
fulness of exendin-4 as a tool for treating obesity and/or diabetes. Both GLP-1 and exendin-4
control blood glucose through the stimulation of glucose-dependent insulin secretion, the
inhibition of glucagon secretion, and delayed gastric emptying [34, 46, 47], which facilitate
the decrease in blood glucose in type 1 and type 2 diabetic patients [48]. In the light of these
results, different N-terminal substituted GLP-1 analogues resistant to DPP-IV have recently
been developed. These resistant analogues have a prolonged metabolic stability in vivo and
improved biological activity, which is of great interest in the treatment of type 2 diabetes
and/or obesity.

On the other hand, the icv administration of GLP-2 to mice and rats produced a marked de‐
crease in food intake but not in water ingestion [43]. Surprisingly, this effect was avoided by
the administration of exendin [9-39], an antagonist of GLP-1.

3. Importance of the VMH and LH in the control of food intake

In recent years, researchers have been focusing on the relationship between gut hormones
and the brain areas controlling appetite, ingestion, food reward and body weight [49, 50].

Both gut and brain are considered the main organs responsible for controlling body weight.
The hypothalamus is the focus of many of the peripheral signals and neural pathways that
control energy homeostasis and body weight. However, new evidence has been forthcoming
in recent years to suggest that human food intake is also controlled by other areas in the cen‐
tral nervous system, such as subcortical and cortical areas.

The hypothalamus regulates body weight by precisely balancing the intake of food, energy
expenditure and body fat tissue. The role of the hypothalamus in regulating food intake and
body weight was established in 1940 [51] through the classical experiments by Hetherington
and Ranson. They placed bilateral electrolytic lesions in a vast region of the hypothalamus,
occupied by the dorsomedial and ventromedial areas, the arcuate nucleus, the fornix and a
portion of the lateral hypothalamic area (without disturbing the pituitary gland). The results
were a marked adiposity characterized by a doubling of body weight and a huge increase in
body lipids. A few years later, Anand and Brobeck [52] continued these experiments in
greater detail, demonstrating that lesions of the lateral hypothalamus at the level adjacent to
the ventromedial nucleus caused loss of appetite, inanition, and even death by starvation.
Thus, the lateral hypothalamic area acted as a “feeding centre” and the ventromedial nu‐
cleus as a “satiety centre”. Since then, it has been established that the “dual centre model”
regulates feeding [53], that the proposed lesioning of the VMH increases appetite, while
stimulating the VMH decreases it. By contrast, lesioning or stimulating the LH decreases or
induces appetite, respectively.
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The dual control theory of feeding is based on the homeostatic view of hunger and satiety,
together with the consideration of glucose not only as a metabolic fuel, but also as a signal‐
ling molecule, and the existence of specialized neurons containing glucose sensors that acti‐
vate or inhibit feeding when blood glucose levels change. A fall in glucose would activate
the LH and, consequently, give rise to hunger. Hunger leads to the consumption of food and
thus to an elevation of glucose levels that would activate the VMH, leading to a feeling of
satiety that will stop the feeding, and eventually glucose levels would fall again.

Over the last 25 years, there has been a dramatic increase in studies on the hypothalamus.
Knowledge of the hypothalamus has only recently evolved from anatomical concepts (nu‐
clei, ‘areas’ and fibre tracts) to neurochemicals (characterizing the distributions of neuropep‐
tides and transmitters and their receptors), focusing on the modulation of feeding behaviour
and energy expenditure. We are now beginning to reach the stage of functionally under‐
standing the molecular mechanisms, defining exactly which neuronal populations respond
to specific nutritional and related signals, and how they pass on that information. At least 25
transmitters have been suggested to play key roles in feeding behaviour [54]. Accordingly,
the dorsomedial and paraventricular regions are important within the hypothalamus, along
with the well-established VMH and LH [55]. The VMH, which consists of the ventromedial
and arcuate nuclei, respectively, is a key region for integrating the peripheral signals of nu‐
trient status and adiposity. The arcuate nucleus contains neurons with NPY/AgRP and
POMC, which have opposing effects on energy homeostasis. Thus, NPY increases food in‐
take and activates energy sparing mechanisms, while melanocortins decrease food intake
and increase energy expenditure [56]. On the other hand, the LH, the classical “feeding cen‐
tre”, is a heterogeneous area that receives a multitude of neuronal inputs from many areas
known to be important in the regulation of energy homeostasis: LH encompassing neurons
and terminals containing orexigenic peptides. Basically, the LH contains two distinct neuro‐
nal cell populations that regulate feeding behaviour: containing hypocretin/orexin [57, 58]
and a melanin-concentrating hormone (MCH) [59] (Figure 2).

In addition to its response to circulating peptides and hormones that reflect energy status,
the brain, and specifically the hypothalamus, also senses and responds to changes in blood
glucose levels [14, 16, 18, 19, 60]. There are several areas in the brain acting as a glucose sen‐
sor. Examples of these are the hypothalamus [60, 61], nucleus solitarius [62] and amygdala
[63]. The glucose sensing neurons located in these areas monitor energy status and initiate
the responses to maintain glucose and energy homeostasis. Besides the brain glucose sen‐
sors, there are also glucose sensors located in peripheral tissues including the intestine [64],
the carotid body [65] and mesenteric veins [66]. In fact, glucose sensors in the hypothalamus
were first discovered in the VMH and LH [57, 58]. Moreover, interstitial glucose levels in the
VMH and LH vary with blood glucose concentration [67], and these changes in glucose have
been postulated to trigger meal initiation. Since glucose is the brain’s primary fuel, it should
respond to a severe glucose deficiency. In this way, VMH glucose sensors may play a role in
detecting and countering severe glucose deficiency [68]. However, Levin et al. recently
showed there was no correlation between VMH glucose levels and spontaneous feeding
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[69]. It is therefore unlikely that VMH glucose sensors regulate meal-to-meal food intake, al‐
though it does not rule out a role for glucose sensors in the LH or other brain regions.

Figure 2. Schematic representation of a hypothalamic slice. Localization of the VMH and LH are indicated. GE and GI
neurons are activated or inactivated by a rise in glucose, respectively. The putative components responsible for glu‐
cose sensing in GE and GI are shown.

Glucose sensing neurons are those that alter their frequency of potential actions in response
to changes in interstitial glucose levels [60, 70]. There are mainly two neurons whose activity
is regulated by alterations in glucose levels [60]: Glucose-excited (GE) neurons that increase
their potential frequency in response to increases in interstitial glucose from 0.1 to 2.5 mM
glucose. The other kind of neurons (GI) are those that decrease their frequency of potential
actions when glucose rises. More recently [71], other neurons have been described that re‐
spond to an increase of more than 5 mM glucose. Thus, high GE (HGE) and high GI (HGI)
neurons increase or decrease their frequency of potential actions, respectively, in response to
increases in interstitial glucose from 5 to 20 mM, although these neurons are still not thor‐
oughly characterized, and there are doubts about their physiological significance. However,
it is important to consider that the interstitial brain glucose concentration is approximately
30% of the concentrations found in the blood. Thus, when the peripheral plasma glucose
concentration is 7.6 mM, the interstitial VMH glucose is only 2.5 mM [67]. Decreasing plas‐
ma glucose to 2–3 mM or increasing to 15 mM resulted in brain glucose levels of 0.16 mM
and 4.5 mM, respectively [67, 72]. Therefore, glucose concentrations found within the major‐
ity of the brain in vivo under physiological and pathophysiological conditions are within the
0.2 to 5 mM range [73-76], and it seems that the GE and GI neurons are mainly responsible
for glucose sensing, since it is unclear whether brain glucose levels ever exceed 5 mM in the
presence of an intact blood brain barrier. However, it should be noted that hyperglycemia
impairs the integrity of the blood brain barrier [77], raising the question of whether HGE
and HGI neurons could have a physiological significance in hyperglycemia-associated path‐
ology. Nevertheless, it seems that glucose sensing neurons could be functioning to protect
the brain against a severe energy deficit.
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The components responsible for glucose sensing in GE neurons seem to be shared with
those present in pancreatic beta-cells: GLUT2, as well as glucokinase. Furthermore, GE uses
the ATP-sensitive potassium (KATP) channel to sense glucose, as occurs in beta-cells. How‐
ever, while KATP channels are expressed in all GE neurons, only approximately half of
VMH GE neurons express glucokinase, and approximately 30% express GLUT2 [78].

Multiple subtypes of GE neurons may exist that use alternate glucose sensing strategies.
Thus, Claret et al. have shown that transgenic mice lacking the α2 subunit of AMPK, an im‐
portant cellular fuel gauge, also lack GE neurons in ARC [79]. However, other authors [80]
have shown that the acute pharmacological activation or inhibition of AMPK had no effect
on glucose sensing in VMH GE neurons.

GI neurons have similar components to GE and, therefore, to beta-cells in glucose sensing,
such as glucokinase [78, 81], as well as GLUT2 and GLUT4. However, the signal transduc‐
tion pathway, whereby changes in intracellular ATP alter the activity of GI neurons, is com‐
pletely different. In this case, the activation of α2AMPK by glucose mediates the activation
of VMH GI neurons, as described by Murphy et al. [82]. Hypothalamic α2AMPK is a key
kinase involved in the energy balance and is a target for a number of hormones and a trans‐
mitter that regulates the energy balance [83-88]. The pharmacological activation of hypo‐
thalamic AMPK increases food intake [89]. It is not therefore surprising that decreased
glucose activates AMPK in GI neurons.

4. AMPK, together with mTOR and its downstream target S6K1, integrate
nutrient and hormonal signals to maintain energy homeostasis

AMPK is a nutrient and energy sensor. AMPK senses cellular energy availability by detect‐
ing the AMP/ATP ratio. AMPK is activated in low energy states and promotes ATP-generat‐
ing catabolic pathways and inhibits anabolic reactions [90-92].

AMPK is a heterotrimeric complex that contains a catalytic α-subunit (α1 or α2) and two
regulatory subunits, β (β1, β2) and γ (γ1, γ2, γ3). The α-subunit contains a kinase domain.
The β-subunit contains the regions that permit interaction with other α and γ subunits and a
carbohydrate-binding domain that facilitates binding to glycogen. The γ subunit contains
four tandem repeats, which are four binding sites for adenosine derivates denominated as
CBS motifs (cystathionine β-synthase) [92, 93].

Different isoforms and the alternative splicing of some mRNAs encoding these subunits
give rise to a wide range of heterotrimeric combinations. The expression of the catalytic
subunits (α1 and α2) is also different. The α2 subunit expression has been found in pan‐
creatic  beta-cells,  neurons,  skeletal  muscle  and  the  heart.  The  liver  has  50%  of  each
AMPKα  isoform  (α1  and  α2),  while  adipose  tissue  expresses  higher  levels  of  the
AMPKα1 isoform [93].
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[69]. It is therefore unlikely that VMH glucose sensors regulate meal-to-meal food intake, al‐
though it does not rule out a role for glucose sensors in the LH or other brain regions.

Figure 2. Schematic representation of a hypothalamic slice. Localization of the VMH and LH are indicated. GE and GI
neurons are activated or inactivated by a rise in glucose, respectively. The putative components responsible for glu‐
cose sensing in GE and GI are shown.

Glucose sensing neurons are those that alter their frequency of potential actions in response
to changes in interstitial glucose levels [60, 70]. There are mainly two neurons whose activity
is regulated by alterations in glucose levels [60]: Glucose-excited (GE) neurons that increase
their potential frequency in response to increases in interstitial glucose from 0.1 to 2.5 mM
glucose. The other kind of neurons (GI) are those that decrease their frequency of potential
actions when glucose rises. More recently [71], other neurons have been described that re‐
spond to an increase of more than 5 mM glucose. Thus, high GE (HGE) and high GI (HGI)
neurons increase or decrease their frequency of potential actions, respectively, in response to
increases in interstitial glucose from 5 to 20 mM, although these neurons are still not thor‐
oughly characterized, and there are doubts about their physiological significance. However,
it is important to consider that the interstitial brain glucose concentration is approximately
30% of the concentrations found in the blood. Thus, when the peripheral plasma glucose
concentration is 7.6 mM, the interstitial VMH glucose is only 2.5 mM [67]. Decreasing plas‐
ma glucose to 2–3 mM or increasing to 15 mM resulted in brain glucose levels of 0.16 mM
and 4.5 mM, respectively [67, 72]. Therefore, glucose concentrations found within the major‐
ity of the brain in vivo under physiological and pathophysiological conditions are within the
0.2 to 5 mM range [73-76], and it seems that the GE and GI neurons are mainly responsible
for glucose sensing, since it is unclear whether brain glucose levels ever exceed 5 mM in the
presence of an intact blood brain barrier. However, it should be noted that hyperglycemia
impairs the integrity of the blood brain barrier [77], raising the question of whether HGE
and HGI neurons could have a physiological significance in hyperglycemia-associated path‐
ology. Nevertheless, it seems that glucose sensing neurons could be functioning to protect
the brain against a severe energy deficit.
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Figure 3. Schematic representation of AMPK’s subunits and its activation process. AMPK detects changes in the cellu‐
lar energy state that occur in response to nutrient variations or metabolic stress caused by changes in the AMP/ATP
ratio. The activation of AMPK triggers key enzymes of glucose metabolism and fatty acids. The long-term effect of
AMPK activation is the transcriptional control of the main elements involved in these metabolic pathways.

AMPK serine/threonine kinase activity is stimulated by the phosphorylation of the α-subu‐
nit on the Thr residue (Thr172). This activation process is regulated by several upstream kin‐
ases. The two main kinases in mammals are liver kinase B1 (LKB1), identified as a tumour-
suppressor, and the Ca2+/calmodulin-dependent protein kinase (mainly CaMKKβ) [92, 93].
AMPK activity is also allosterically regulated by AMP binding to the γ subunit (Figure 3).
Recent studies have found that AMP or ADP binding to the γ regulatory subunit protect the
activated phosphorylated form of AMPK [94, 95]. AMP, ADP and ATP bind the γ subunit
with similar affinity [94]. AMPK can be activated by increases in AMP and ADP according
to changes in the cellular levels of adenosine derivatives. LKB1 phosphorylates AMPK in al‐
most all tissues, while CaMKKβ plays an important role in neurons and T lymphocytes.
Other studies have suggested that a member of the MAPKKK family, TAK1 (transforming
growth factor β-activated kinase) could be an important AMPK upstream kinase in cardiac
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cells [96], and ATM (ataxia telangiectasia mutated) may also regulate the phosphorylation of
Thr172 [97]. The level of Thr172 phosphorylation depends also on the activity of protein
phosphatases [98, 99]. The effect of an increase in AMP inhibits phosphatase activity, and
considering that LKB1 is constitutively active [100], the response after a rise in AMP increas‐
es the phosphorylation of Thr172 and the activation of AMPK.

AMPK can detect changes in cellular energy state that occur in response to nutrient varia‐
tions. Any cellular or metabolic stress that reduces ATP production (e.g., heat shock, hypo‐
xia, ischemia, glucose deprivation) or accelerates ATP consumption (e.g., contraction of
skeletal muscle) will increase the ADP/ATP ratio, which will be amplified by the action of
adenylate kinase, resulting in increased AMP/ATP with the consequent activation of AMPK
(Figure 3). Once activated, AMPK first directly affects the activity of key enzymes of glucose
metabolism and fatty acids, and second, proceeds to the long-term regulation of the tran‐
scriptional control of the main elements involved in these metabolic pathways. The net re‐
sult of the activation of AMPK will restore the energy balance, inhibiting the anabolic
pathways responsible for the synthesis of macromolecules, such as proteins and glycogen,
and also of the following lipids: fatty acids, triglycerides and cholesterol, while activating
the catabolic pathways, such as the oxidation of fatty acids, glucose uptake and glycolysis
[101] (Figure 3).

The mTOR is a serine/threonine kinase that responds to nutrients and hormonal signals
[102-104].  mTOR forms two distinct  complexes with different  sensitivities  to  rapamycin:
mTORC1 and mTORC2. Both complexes contain mTOR, GβL (G-protein β-protein subu‐
nit-like),  mLST8 (mammalian lethal  with  SEC13 protein)  and deptor  (DEP domain con‐
taining  mTOR  interacting  protein)  [103,  105,  106].  This  complex,  along  with  raptor
(rapamycin-sensitive  adaptor  protein  of  mTOR) and PRAS40 (proline-rich  Akt  substrate
of  40  kDa)  forms  mTORC1,  which  is  rapamycin  and  nutrient  sensitive.  However,
mTORC2 comprises  mTOR,  GβL/mLST8 and deptor  together  with  rictor  (rapamycin-in‐
sensitive  companion  of  mTOR),  mSin  1  (mammalian  stress-activated  MAPK-interacting
protein 1)  and protor 1/2 (protein observed with rictor ½),  which is  insensitive to acute
rapamycin (Figure 4)

mTORC1 regulates metabolism and cell growth in response to several environmental sig‐
nals. The presence of amino acids, growth factors and mitogens stimulates mTORC1, which
promotes anabolic processes. The mTORC1 activity phosphorylates multiple substrates,
with S6K1 and the initiation factor 4E binding proteins (4E-BPs) being the best characterized
[106-108]. The activation of mTORC1 induces the dissociation of 4E-BP from the eukaryotic
translation initiation factor 4E (eIF4E), facilitating mRNA translation [109], and the activa‐
tion of S6K1 promotes protein synthesis. Moreover, the mTORC2 function is less well
known. It is known that mTORC2 phosphorylates Akt and appears to regulate mainly cell
proliferation and cell survival [110] (Figure 4)

The effect growth factors have on mTORC1 is mediated through phosphatidylinositol-3,4,5-
triphosphate kinase (PI3K) activation, the subsequent activation of phosphoinositide-de‐
pendent kinase (PDK1) and Akt. Once activated, Akt phosphorylates tuberous sclerosis
complex 2 (TSC2), suppressing the inhibitory effect of the TSC1-TSC2 complex in mTORC1.
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TSC2 functions as a GTPase-activating protein of Ras homolog enriched in brain (Rheb),
which is an mTORC1 activator. Mitogens activating the Ras/MAPK cascade also activate
mTORC1. ERK phosphorylates TSC2, inhibiting the TSC1/TSC2 complex and inducing
mTORC1 activity [111]. Raptor is additionally phosphorylated by ERK [112] (Figure 4)

Figure 4. Network of proteins involved in the AMPK/mTOR/S6K1 signalling pathway

mTORC1 is also stimulated by amino acids, especially leucine. This activation pathway is
independent of PI3K. The amino-acid regulation of mTOR needs rag GTPases and Rheb.
The detailed mechanism of activation is unknown. It has been suggested that rag GTPas‐
es  may  control  the  localization  of  mTOR  to  specific  vesicular  membranes  containing
Rheb-GTP [113].
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mTORC1 activity is inhibited in conditions of energy depletion coordinated with AMPK ac‐
tivity. An increase in AMP/ATP ratio activates AMPK, which phosphorylates the TSC2, and
this modification induces the concomitant inhibition of mTORC1 mediated by the TSC1-
TSC2 complex [114]. Furthermore, AMPK phosphorylates raptor in mTORC1, which down-
regulates this complex [115].

In addition, energy depletion inhibits mTORC1 by a mechanism that is independent of
AMPK activation. This effect is mediated by eliminating the GTP loading of Rheb [116].

4.1. Expression and regulation of these sensors in the VMH and LH

Studies in recent years have established a direct relationship between metabolic sensor ac‐
tivity in the hypothalamus and the regulation of food intake, body weight and energy ho‐
meostasis.

AMPK is broadly expressed throughout the brain. The α2 catalytic subunit is present with a
high distribution in neurons and activated astrocytes [117]. Hypothalamic AMPK has been
assumed to play a role in the central regulation of food intake and energy balance, whereby
fasting increases and re-feeding decreases AMPK activity in various hypothalamic nuclei.
Alterations of hypothalamic AMPK activity specifically affected α2AMPK and did not
change α1AMPK [88].

The hypothalamic AMPK role has been studied in vivo by the expression of AMPK mutants:
dominant negative AMPK (DN-AMPK) or constitutively active AMPK (CA-AMPK). The ex‐
pression of CA-AMPK in the medial hypothalamus by adenoviruses increased food intake
and body weight, whereas the expression of DN-AMPK inhibited them [88]. These altera‐
tions change the hypothalamic neuropeptide expression: the expression of CA-AMPK en‐
hances the effect of fasting, increasing the expression of NPY and AgRP in the ARC and the
melanin-concentrating hormone in the lateral hypothalamus, whereas the hypothalamic ex‐
pression of DN-AMPK decreases the expression of orexigenic neuropeptides NPY and
AgRP in ARC [88, 118].

mTORC1 is another metabolic sensor that plays an important role in the regulation of feed‐
ing behaviour and body weight in the hypothalamus [119, 120]. mTOR and its downstream
target S6K1 are widely distributed in the rat brain. The activated forms of mTOR and S6K1
are localized mainly in the paraventricular and arcuate nuclei [119], being co-localized in a
high percentage of orexigenic neurons that express AgRP/NPY and also in around half the
anorexigenic neurons that express POMC/CART in the arcuate nuclei [119].

mTORC1 activation in the rat hypothalamus decreases food intake and body weight. Similar
results were found by introducing constitutively active S6K1 mediated by adenovirus into
the mediobasal hypothalamus of the rat brain. By contrast, the injection of dominant-nega‐
tive S6K1 leads to an increase in food intake and body weight [121].

4.1.1. Nutrient regulation

Food intake leads to periods of fasting and feeding that are associated with substantial
changes in the level of available nutrients (e.g., glucose and amino acids) and accompanied
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by hormonal changes. Several studies describe the effect of glucose on both metabolic sen‐
sors, AMPK and mTOR, in hypothalamic areas. During fasting, the decrease in glucose con‐
centration activates AMPK. This period is also characterized by low levels of glucose and
amino acids, and the mTOR complex is kept inactive. The increase in glucose levels after
food intake decreases the activity of AMPK and, conversely, the activity of the mTOR/S6K1
pathway is stimulated by higher levels of glucose and amino acids.

Thus, Kim et al. reported that decreasing intracellular glucose through the supply of 2-deox‐
yglucose increases hypothalamic AMPK activity and food intake. By contrast, hyperglycae‐
mia decreases hypothalamic AMPK activity [122]. It was also observed that AMPK activity
is inhibited in arcuate, ventromedial, dorsomedial, paraventricular nuclei and the LH by
high glucose and re-feeding. [88]. Increases in α2-AMPK activities in arcuate-ventromedial
and paraventricular nuclei are also detected during insulin-induced hypoglycaemic in rats
[123]. However, fasted rats recorded a decrease in the number of hypothalamic cells express‐
ing mTOR and S6K1 activated forms specifically in the arcuate nucleus, with these changes
responding to the availability of nutrients [119]. Similar findings were subsequently con‐
firmed, also showing that the constitutive activation of S6K in the mediobasal hypothalamic
area protects against the harmful effects of a high-fat diet [121].

It has also been established that AMPK and mTOR are involved in the anorexigenic effect
induced by high protein diets. Thus, a high protein diet and the intracerebroventricular ad‐
ministration of leucine decreased AMPK phosphorylation in the rat hypothalamus [120].
The activation of hypothalamic mTORC1 is additionally produced by a high protein diet
and the intracerebroventricular administration of amino acids or leucine [119, 124].

4.1.2. Gut hormone regulation and signals from energy stores

The effects of glucose, amino acids and other nutrients are reinforced by the effects of intes‐
tinal peptides, as stated above. They are able to regulate food intake, energetic homeostasis
and body weight. The gastrointestinal tract responds to gut contents by secreting hormones,
which can serve to inform the CNS of nutrient status. Thus, circulating ghrelin, the only in‐
testinal peptide with orexigenic properties, is high in the period before a meal, and the level
declines an hour after eating [125]. Ghrelin stimulates food intake in lean and obese humans
[126]. In contrast, anorexigenic intestinal peptides as peptide YY (PYY), pancreatic polypep‐
tide (PP), GLP-1, oxyntomodulin and cholecystokinin are low during the fasting period, and
their level increases after a meal, and some of them are released proportionally to the
amount of calories ingested (Reviewed in [127]).

Other signals that inform the state of energy stores, such as leptin and insulin levels, are im‐
portant modulators of feeding behaviour. Insulin regulates the storage of nutrients and also
informs the brain about the energy balance [128]. Leptin is produced by adipose tissue and
informs the brain about the energy storage status [128].

We now know that the function of at least some of these peptides may be mediated by the
modulation of hypothalamic metabolic sensors. Thus, it has been reported that hypothala‐
mic AMPK activity is also regulated by several orexigenic and anorexigenic signals. Ghrelin,
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the intestinal peptide with orexigenic properties, activates AMPK and stimulates food intake
[87, 89]. By contrast, anorexigenic peptides such as leptin decrease AMPK activity in the
ARC and PVN [88, 89, 129]. However, leptin treatment increased mTOR and S6K1 hypo‐
thalamic activity [130].

It has recently been suggested that ghrelin activates AMPK in presynaptic neurons, induc‐
ing an increase in activity in NPY/AgRP neurons promoting sustained food intake, and this
signal stops after leptin is released by adipose tissue, signalling to stimulate POMC neurons
inhibiting feeding and also to inhibit the AMPK in the presynaptic neurons, inactivating the
release of NPY/AgRP [131].

Inoki et al. previously reported that the activation of AMPK induces the inhibition of mTOR
activity [114]. It has recently been posited that S6K phosphorylates α2 AMPK. This process
is necessary for the leptin effects on hypothalamic AMPK activity [132].

These findings indicate that hypothalamic AMPK and mTOR respond to changes in glu‐
cose and other nutrients in opposite ways, and their effects on the regulation of food in‐
take may overlap.

5. Modulation of AMPK and S6K by GLP-1/exendin-4 in these
hypothalamic areas

As indicated before, GLP-1 is able to induce several effects contributing to the control of
feeding behaviour. It inhibited gastric acid secretion and emptying, stimulated postprandial
insulin secretion and inhibited glucagon release. GLP-1 treatment to type 2 diabetic subjects
normalized the fasting levels of blood glucose and decreased postprandial glucose levels.
We have also reported that GLP-1 reduces glucose metabolism in the human hypothalamus
and brain stem [133].

In general, the brain activity of AMPK is activated by fasting and is inhibited by re-feeding
[88, 122, 123], but the effect of glucose on AMPK also regulates Ampk expression in VMH
[134]. Thus, fasting increased Ampk mRNA expression in the hypothalamus of rats, and the
ICV administration of GLP-1 reduced that effect [135].

The glucose effect on AMPK might be region-specific in hypothalamic areas that have oppo‐
site effects over the control of feeding behaviour. We have also reported, using rat hypo‐
thalamic slices, that high glucose levels decrease the expression of Ampk-α2 mRNA,
specifically in the LH, but not in the VMH [83]. The decrease in AMPKα2 expression in re‐
sponse to high glucose levels was reversed by the presence of GLP-1 [83]. Sanz et al. have
also reported a different response to glucose in the VMH and LH [136, 137]. The distinctive
response in the LH compared to the VMH may be explained by the different role these two
areas have in the control of food intake.

Results obtained from in vivo studies conducted on lean and obese Zucker rats showed that
the effects fasting and re-feeding have on the activity of AMPK and S6K in the areas in‐
volved in the control of feeding are modulated by exendin-4 treatment [83].
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[88, 122, 123], but the effect of glucose on AMPK also regulates Ampk expression in VMH
[134]. Thus, fasting increased Ampk mRNA expression in the hypothalamus of rats, and the
ICV administration of GLP-1 reduced that effect [135].

The glucose effect on AMPK might be region-specific in hypothalamic areas that have oppo‐
site effects over the control of feeding behaviour. We have also reported, using rat hypo‐
thalamic slices, that high glucose levels decrease the expression of Ampk-α2 mRNA,
specifically in the LH, but not in the VMH [83]. The decrease in AMPKα2 expression in re‐
sponse to high glucose levels was reversed by the presence of GLP-1 [83]. Sanz et al. have
also reported a different response to glucose in the VMH and LH [136, 137]. The distinctive
response in the LH compared to the VMH may be explained by the different role these two
areas have in the control of food intake.

Results obtained from in vivo studies conducted on lean and obese Zucker rats showed that
the effects fasting and re-feeding have on the activity of AMPK and S6K in the areas in‐
volved in the control of feeding are modulated by exendin-4 treatment [83].
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It has been previously reported that the anorexigenic effects produced by the intraperitoneal
administration of exendin-4 led to a reduction in food intake and increased the period be‐
tween meals [138]. Additionally, the peripheral administration of exendin-4 and liraglutide
regulates food intake by activating the GLP-1 receptors expressed on both vagal afferents
and CNS [139]. Recent studies conducted within our group [83] have focused on clarifying
the coordinated effects of fasting, re-feeding and exendin-4 administration on the activity of
AMPK and S6K in the VMH and LH. The results of these studies show that fasting increases
hypothalamic AMPK activity in both areas in lean Zucker rats. However, the subcutaneous
administration of exendin-4 over the last hour reversed this effect, whereas exendin-4 acti‐
vated AMPK in animals re-fed for two hours when AMPK activity was markedly inhibited.
The activation degree of AMPK after four hours of re-feeding differed in both areas. Thus,
the activation level of AMPK in the VMH was similar to fasted rats. However, AMPK activi‐
ty in the LH was still low, and exendin-4 treatment decreased AMPK activity in the VMH,
whereas no significant effect was detected in the LH (Figure 5).

Anorexic peptides also regulate the mTOR/S6K1 pathway in hypothalamic areas. Insulin
and leptin increases the activated forms of S6K [119]. The administration of exendin-4 also
regulates S6K activity and the effect is dependent on the activation status of S6K, as occur‐
red with AMPK. We thus found that S6K activation peaked in animals re-fed for four hours.
However, the administration of exendin-4 strongly stimulated S6K activity in animals re-fed
for two hours. In contrast, exendin-4 decreased S6K activity in the VMH of lean rats re-fed
for four hours [83] (Figure 5).

The use of rat organotypic hypothalamic slices confirmed that AMPK activity at low glucose
concentrations was stimulated, and S6K activity was maintained with minimal activation
[83]. GLP-1 treatment reversed the effect of glucose on AMPK and did not modify S6K activ‐
ity in the VMH and LH. High levels of glucose stimulated S6K activity in both nuclei, and
the presence of GLP-1 reversed such activation. Similar results were found using hypothala‐
mic GT1-7 and neuroblastoma N2A cell lines [83]. The metabolic sensors in these cells re‐
spond to glucose as described above, and GLP-1 treatment reversed the glucose effects [83].

The effect of GLP-1 on AMPK activity was also reported in other brain areas. Thus, GLP-1R
activation in hindbrain suppressed food intake, and that effect is accompanied by the sup‐
pression of AMPK activity [140].

The complexities of the regulation of hypothalamic AMPK activity have previously been de‐
scribed for some hormones. Thus, the cocaine-and amphetamine-regulated transcript
(CART) has been reported to have an anorexic effect after intracerebroventricular adminis‐
tration [141], while CART injected directly into the paraventricular or arcuate nucleus of
fasted rats increases food intake [142]. Likewise, differences in the effect of regulatory pepti‐
des on AMPK as a function of nutritional status have been previously described. Ghrelin or
cannabinoids have ad libitum effects [143], whereas leptin [88] and adiponectin [144] only
have an effect after variable periods of fasting or re-feeding.
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Figure 5. Effects of exendin-4 administration in fasted or re-fed lean rats on the activity of AMPK and S6K. Lean Zucker
rats were fasted or re-fed for two or four hours. In some cases, the GLP-1 analogue exendin-4 (100 nM) was adminis‐
trated. The activation states of AMPK and S6K were determined by quantifying phospho-specific forms in VMH and LH
areas.

6. GLP-1/exendin-4 as a compensator of the disturbances in AMPK and
S6K activities occurring in obesity

In obesity, the elevated levels of nutrients and hormonal modifications alter the activity of
hypothalamic metabolic sensors. Thus, diet-induced obesity reduced hypothalamic AMPK
activity [145]. The GLP-1 receptor agonist exendin-4 is one of the agents used in the treat‐
ment of type 2 diabetes [146] and is a long-acting receptor agonist of GLP-1 that also produ‐
ces weight loss [147-149].

The obese Zucker (fa/fa) rat provides a well-established animal model of insulin resistance
and genetic obesity and, in comparison with lean Zucker rats, manifests hyperinsulinemia
and hyperlipidemia. We have previously noted that the peripheral long-term subcutaneous
administration of exendin-4 decreased food intake and induced weight loss in both obese
and lean control Zucker rats [15].
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Zucker rats have been used to analyze the exendin-4 effect on the activity of AMPK and S6K
in the VMH and LH areas [83]. The results obtained showed that AMPK activity was lower
in the obese than in the lean Zucker rats in both areas. Interestingly, the effect of exendin-4
administration on fasted obese Zucker rats was different compared to the lean rats. The ab‐
sence of exendin-4 effect in obese rats maintains AMPK activity at a level of activation simi‐
lar to the lean animals after the administration of exendin-4 [83] (Figure 5).

These results suggest that GLP-1/exendin-4 might compensate for the alterations in AMPK,
activity produced either by oscillations in glucose levels or by pathologies such as obesity or
episodes of hyperinsulinemia (Figure 5, 6).

Figure 6. Effects of exendin-4 administration in fasted or re-fed obese rats on the activity of AMPK and S6K. Lean
Zucker rats were fasted or re-fed for two or four hours. In some cases, the GLP-1 analogue exendin-4 (100 nM) was
administrated. The activation states of AMPK and S6K were determined by quantifying phospho-specific forms in the
VMH and LH areas.

Another difference in the level of activation of AMPK between obese and lean Zucker rats
was observed after re-feeding for four hours. The AMPK activity in the LH was higher in
obese compared to lean animals (Figure 5, 6).

After two hours of re-feeding, exendin-4 treatment increased S6K activity in the VMH and
LH in obese rats. Nevertheless, the effect of exendin-4 on S6K activity in the VMH differed
between obese and lean rats. Exendin-4 administration did not modify S6K activity in the
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LH of lean and obese rats after four hours of re-feeding, whereas exendin-4 reduced S6K ac‐
tivity in the VMH of lean Zucker rats but not in their obese counterparts [83].

The prolonged activation of hypothalamic S6K inhibits insulin signalling and contributes to
hepatic insulin resistance [150], suggesting that hypothalamic S6K activation would be in‐
volved in the pathogenesis of diet-induced hepatic insulin resistance. Our data indicate that
S6K activity in the presence of exendin-4 could be decreased when this protein is maximally
activated. This suggests that exendin-4 treatment in diabetic subjects could also improve
hepatic insulin resistance.

7. Conclusions

We have reported here some of the many actions of GLP-1, such as, its role as an incretin
hormone and controlling food intake. Accordingly, we have reviewed the importance of hy‐
pothalamic areas in the control of food intake, such as, for example, the ventromedial and
lateral hypothalamus. In parallel, the function of AMPK and the mTOR/S6K pathway has
been studied in those areas. Likewise, we have explored the coordinated response of hypo‐
thalamic AMPK and S6K to alterations in nutritional status and energy storage. Our results
have revealed both the activation of AMPK and S6K in the VMH and LH in response to
changes in glucose concentration or nutritional state, and that GLP-1/exendin-4 acts by
counteracting the activation/inactivation of these kinases and contributing to the balance of
proper AMPK and S6K activation. It therefore seems that GLP-1/exendin-4 might be acting
in the VMH and LH, interacting with the AMPK/S6K signalling pathways, and modulating
the activation status of AMPK and S6K in response to nutrient fluctuations. Likewise,
GLP-1/exendin-4 would contribute to the normalization of the altered levels of these kinases
in pathophysiological states such as obesity, for example.
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1. Introduction

1.1. Physiology

Insulin-like  growth  factors  are  single  chain  polypeptides.  There  are  two  principle  IGFs
referred to as IGF-I and IGF-II. IGF-1 is a polypeptide hormone with a molecular weight of
7.6-kDa structurally similar to insulin. In 1957, it is identified by Salmon and Daughaday.
Because of the its ability to stimulate the sulfation of the cartilage proteoglycans, it  was
regarded as a sulphation factor [1]. The IGF-1 gene is on the long arm of chromosome 12q23–
23. IGF-1 gene contains 6 exons [2, 3]. The alternate extension peptide at carboxy terminal,
encoded by exons 5 and 6 determines the subforms of IGF-1: IGF-1B and IGF-1A. The most
abundant isoform of the IGF-1 (153 aminoacid) is IGF-1A [4, 5]. IGF1B peptide (195 amino
acids) is a less abundant IGF1 isoform. IGF-2 is also a peptide with 67 amino acids and
molecular weight of 7.4-kDa. IGF-2 is encoded by a gene on the short arm of chromosome
11 at position 15.5. This gene consists of nine exons [6]. In the plasma, 99% of IGFs are bound
to a family of binding cysteine-rich proteins.  There are six binding proteins (IGFBP-1 to
IGFBP-6) [7]. They act as carriers for IGFs in the circulation, regulate the bioavailability of
IGFs to  spesific  tissues and modulates  the biological  activities  of  IGF proteins.  Six  IGF-
binding proteins (IGFBPs) can inhibit or enhance the actions of IGFs [8]. Potentiation of IGF
activity by some of the IGFBPs, described for IGFBP-1 and IGFBP-3, is also documented for
IGFBP-5. Each of IGFBPs is the product of a seperate gene. These genes share a common
structural organization in which four conserved exons are located within genes ranging from
5 kb (IGFBP-1) to more than 30 kb (IGFBP-2 and IGFBP-5) [9]. IGFBPs contain N terminal
and  C  terminal  domains  which  are  similar  in  aminoacid  sequence.  Post-translational
modifications of IGFBP, including glycosylation, phosphorylation and proteolysis modify
the affinities of the binding proteins to IGF. IGFs mediate their action on target cells by three
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receptors that bind IGFs with differing affinities. These receptors are type 1 IGF receptor,
type 2 IGF receptor and Insulin receptors. The type 1 IGF receptor (IGF-1R), structurally
homologous to the insulin receptor, exhibits four transmembrane spanning subunits and an
intracellular  tyrosine  kinase  domain [10].  The  IGF-1R and IR are  both  synthesized as  a
precursor that is  glycosylated on the extracellular regions,  dimerized and proteolytically
processed to yield separate α and β chains [11]. IGF-1R binds insulin, IGF-1, or IGF-2. IGF1R
binds to IGF1 with greater affinity than IGF-2. IGF-1R affinity for insulin is lower than for
IGF-1. Type 2 IGF receptor is structurally and functionally different from the IGF-1R. The
receptor is a 250-kDa protein with a large extracellular domain, which binds M6P, lysoso‐
mal  enzymes,  and  IGF-2  [12].  IGF-2R  binds  to  IGF-2  with  high  affinity  whereas  IGF-1
binding is weak and insulin does not bind at all [13]. Binding of IGF-1 and IGF-2 to the
cognate IGF-1R stimulates the intrinsic tyrosine kinase activity of this receptor [14]. Upon
IGF binding, the tyrosine kinase activity of IGF-1 receptor leads to the phosphorylation of
several substrates, including the insulin receptor substrate family of proteins (such as Insulin
receptor substrate 1 (IRS-1), SHC (Src homology 2 domain containing) transforming protein
1  (Shc)  and  some  others.  Once  phosphorylated,  these  docking  proteins  activate  down‐
stream intracellular signaling through the Phosphatidylinositol 3-kinase (PI3K) or Growth
factor receptor-bound protein 2 (GRB2)/ Son of sevenless homolog (SOS )/ v-Ha-ras Harvey
rat  sarcoma viral  oncogene  homolog  (H-Ras)  pathways  that  ultimately  leads  to  cellular
proliferation [15,16].

Ligand binding to IGF-1R activates the tyrosine kinase higher concentration of the anti-
apoptotic proteins bcl-2 and bcl-Xl, a lower level of the apoptotic proteins bax and bcl-xs
activates phosphatidylinositol 3-kinase (P13-K), and activates protein kinase B (PKB/Akt) that
also prevent apoptosis. Activation of PI 3-kinase generates inositol triphosphate activation of
protein tyrosine kinase-B activate mTOR, p70/S6 kinase and GSK-3β results in protein glucose
uptake, glycogen synthesis. Most IGF-1 is secreted by the liver and is transported to other
tissues, acting as an endocrine hormone. IGF-1 is also secreted by other tissues, including
cartilagenous cells, and acts locally as a paracrine hormone. In response to GH, IGF-1 synthesis
is increased in connective tissues. Growth hormone released from the anterior lobe of the
pituitary binds to receptors on the surface of liver cells which stimulates the synthesis and
release of IGF-1 from them. STAT5B is a transcription factor mediating effect of GH on liver.
Low IGF-1 and IGFBP-3 levels in cirrhosis occurs due to decreased hepatic synthesis [17, 18].
IGFBP-3 that binds 95% of circulating IGFs is also produced by the endothelial lining and
Kupffer cells in the liver.

2. Factors affecting IGF system

IGF-1 peaks during puberty.  Advanced age is  associated with a progressive decrease in
serum IGF-1 because GH secretion declines; 14% per decade of life [19, 20]. During lifetime,
GH production is reduced nearly 30-fold. This decrement in IGF-1 is attributable to increased
somatostatinergic  tone  and  a  generalized  reduction  in  the  pulses  of  GH-releasing  hor‐
mones and GH-releasing peptides [21].  Although GH may be responsible for the decre‐
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ment it is not the only factor responsible for the increment in childhood. Serum estradiol
concentrations correlate with IGF-1 in both men and women [22]. Stimulated and spontane‐
ous GH secretion is higher in young women than in postmenopausal women or young men,
with the difference strongly correlated with circulating estradiol levels [23, 24, 25]. Use of
oral estrogen resulted in a significant reduction in IGF1 levels but no effect of transdermal
estrogen was shown in patients with hypopitutiarism [26]. Transdermally delivered estrogen
stimulates  IGF-1  production.  When delivered  orally,  estrogen  reduces  IGF-1  [27].  IGF-1
mRNA expressed by endometrium. Progesterons increases IGF-1 expression İn the endome‐
trial  stroma.  There  is  circumstantial  evidence  to  suggest  a  positive  association  between
circulating levels of testosterone and IGF-1. Administration of testosterone to younger men
with  hypogonadism  and  boys  with  isolated  gonadotropin-releasing  hormone  deficiency
increases serum IGF-1 [28]. Endogenous testosterone levels correlate with IGF-1 in hypopi‐
tuitary women with unsubstituted growth hormone deficiency [29]. Serum dehydroepian‐
drosterone concentrations decline with age, and absolute concentrations in postmenopausal
women correlate with serum IGF-1 [30]. Thyroxine is also another hormone affecting IGF-1
levels. In patients with T4 deficiency due to primary and central hypothyroidism IGF-1 and
ALS are low at baseline. In most of these T4-treated patients, T4 therapy increased IGF-1
and ALS concentrations [31]. The major effect of thyroid hormones on IGF-1 and IGFBP-3
in  vivo  has  been  considered  to  occur  by  increased  expression  and  secretion  of  growth
hormone by the pituitary gland [32]. IGFBP-3 also increases with thyroxine replacement in
primary  hypothyroidism [33].  One  key  function  of  IGF-1  is  the  stimulation  of  anabolic
processes and body growth. Protein and energy content of the diet influence plasma IGF-1
concentrations  [34].  IGF-1  is  reduced  in  conditions  of  energy  restriction,  such  as  short-
term fasting [35] and malnutrition [36]. Zinc deficiency is a common component of protein-
calorie malnutrition.  IGF-1 synthesis can be impaired by zinc deficiency.  A reduction in
circulating IGF-1 concentrations has been proposed as a potential mechanism for growth
retardation induced by zinc deficiency [37]. Significant elevation in the IGF-1 level after zinc
supplementation occurs [38]. Similarly, nutritional deprivation results in a major decrease
in IGF-1 mRNA that  can be restored with refeeding.  In the population of  healthy well-
nourished men, greater dietary intakes of protein, zinc, red meat, and fish and seafood were
associated  with  higher  IGF-1  concentrations  [39].  The  anabolic  effect  of  PTH  may  be
mediated by local growth factors. PTH has been shown to stimulate IGF-1 production at the
transcriptional and polypeptide levels [40]. Low IGF-1 and IGFBP-3 levels occurs in liver
cirrhosis due to decreased synthesis and low IGF-1 levels may be involved in the develop‐
ment  of  cirrhotic  complications  including  malnutrition,  insulin  resistance,  impaired
immunity, and osteoporosis [41].

Any factors affecting IGFBP concentrations in blood and extracellular fluids also affects the
IGF levels and its avaibility to tissues. Binding of IGF-1 to ALS and IGFBPs form ternary
complexes. Acid Labile Subunit (ALS) is a liver-derived protein that exists in a ternary complex
with IGFBP-3 also with IGFBP-5. Formation of the ternary complexes restricts the IGFs to the
circulation prolongs their half-lives and allows them to be stored at high concentration in
plasma. ALS is a single-copy gene, and was mapped to bands A2-A3 of mouse chromosome
17 and to the short arm of human chromosome 16 at p13 3 [42, 43]. ALS has no affinity for free
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immunity, and osteoporosis [41].

Any factors affecting IGFBP concentrations in blood and extracellular fluids also affects the
IGF levels and its avaibility to tissues. Binding of IGF-1 to ALS and IGFBPs form ternary
complexes. Acid Labile Subunit (ALS) is a liver-derived protein that exists in a ternary complex
with IGFBP-3 also with IGFBP-5. Formation of the ternary complexes restricts the IGFs to the
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IGF-1 or IGF-2 and very low affinity for uncomplexed IGFBP-3. Main binding protein of IGFs
is IGFBP-3 and its synthesis is mainly determined by growth hormone. IGFBP-3 is the most
abundant form of the IGFBPs. IGFBP-3 concentrations decreases in patientes with growth
hormone deficiency and increaes by GH secretion. Testesterone administration adminstration
increases IGFBP-3 levels in serum. IGFBP-3 level is also affected by thyroid hormone levels.
Low IGFBP-3 levels were found in hypothyroid patients and IGFBP-3 levels are increased by
thyroxine replacement in hypothyroid patients. The IGFBP-1 that is present in the circulation
is also synthesized in the liver. At concentrations higher than IGF-1, IGFBP-1 inhibit DNA
synthesis, glucose transportation [44]. Postprandial increase in serum insulin concentrations
results in a four- to five-fold decrease in IGFBP-1 [45]. Intrauterine growth retardation
correlates with high levels of serum IGF binding protein-1 (IGFBP-1). Overexpression of
IGFBP-1 may affect body growth and skeletal formation as well as biomineralization. IGFBP-1
overexpression may also reduce carbohydrate resources necessary for growth and survival
[46]. IGFBP-1 play roles in the endometrial and ovarian physiology. The IGFBP-2 that is present
in the circulation originates from hepatocytes, GH is a main determinant of IGFBP-2 levels in
circulation. IGF-1 is a potent stimulant of IGFBP-2 concentrations in serum. IGFBP-2 gene
transcription is increased in starved rodents and plasma concentrations are increased in fasted
humans [47]. IGFBP-2 has mostly inhibitory effects. IGF-1 stimulated collagen synthesis is
inhibited by IGFBP-2.

The serum concentrations of intact IGFBP-4 are quite low. IGFBP-4 level is increased with low
bone turnover and low parathyroid hormone levels. Sunlight exposure, vitamin D or its active
metabolites also may regulate serum IGFBP-4. It may play a role in bone metabolism. IGFBP-5
circulates as incomplete fragments, intact IGFBP-5 is at very low levels. Its concentration are
also regulated with GH ang IGF-1. IGFBP-6 inhibits the effects of IGF-2 in several tissues and
cell types. IGFBP-6 differs from the other IGFBPs, it has a markedly higher affinity for IGF-2
than for IGF-1, whereas the other IGFBPs bind the two IGFs with similar affinities and IGFBP-2
has a slight IGF-2 binding preference [48, 49, 50].

However,  IGF bioactivity  in  tissues  is  not  determined by the  circulating levels  of  IGFs,
IGFBPS, ALS. Proteases that digest IGFBPs are also important in determining the acions of
IGFs at tissue level. In addition IGFBPs have their own separate roles in the extravascular
tissue compartment.

3. IGFs and bone

Osteoblasts and preosteoblasts secrete IGF-1. Several bone trophic factors, estrogens, PTH
stimulate the synthesis of the IGF-1 while glucocorticoids, FGF, PDGF, TGF-B decreases IGF1
expression.

IGF-1 released from the bone matrix during bone remodeling stimulates osteoblastic differ‐
entiation of recruited mesenchymal stem cells by activation of mammalian target of rapamycin
(mTOR), thus maintaining proper bone microarchitecture and mass. It is well known that both
BMD and serum concentration of IGF-1 decrease with age, in age-related osteoporosis in
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humans, it is found that bone marrow IGF-1 concentrations were 40% lower in individuals
with osteoporosis than in individuals without osteoporosis [51]. As compared to healthy
controls, total bone mass was found lower in men with GH deficiency and The total BMD was
found positively related to plasma IGF-1 and median of GH values [52]. GH deficiency in
adulthood is associated with reduced BMD. IGF-1 may be an early marker for low bone mass
[53]. Short term treatment with recombinant human IGF-1 in healthy postmenopausal women
resulted in increases in bone turnover markers [54]. However, certain effects of the long-term
treatment with IGF-1 is unknown.

4. IGFs and growth

Linear bone growth at the epiphyseal plate occurs by a process that is similar to endochondral
ossification. The epiphyseal plate between the epiphysis and the metaphysis grows by mitosis.
This process continues throughout childhood and the adolescent years until the cartilage
growth slows and finally stops. GH may act directly at the growth plate to amplify the
production of chondrocytes from germinal zone precursors and then to induce local IGF-1
synthesis, which is thought to stimulate the clonal expansion of chondrocyte columns in an
autocrine/paracrine manner [55, 56]. IGF-2 mRNA expression is higher in the proliferative and
resting zones than the hypertrophic zone. IGF-1 and GH receptors are expressed throughout
the growth plate. Molecular studies revealed that the causes of GH resistance are deletions[57]
or mutations [58] in the GH receptor gene, resulting in the failure to generate IGF-1 and a
reduction in the synthesis of several other substances,including IGFBP-3.

The expression of IGF-I, IGF-II, IGFBP-3, and ALS is tightly controlled by GH. STAT5B is a
transcription factor mediating effect of GH on liver. Six cases of homozygous mutations of the
signal transducer and activator of transcription STAT5B gene have also been described [59].
These mutations result in a type of dwarfism characterised by high serum GH values. Studies
revealed that these patients cannot generate IGF-1. Several cases have been reported of
mutations of the gene for the ALS, which encodes a protein which forms part of the ternary
complex that transports IGF-1 in serum [60, 61]. These cases have markedly low serum IGF-1
concentrations and modest growth failure. Syndrome of GH resistance (insensitivity) was
named by Elders et al as Laron dwarfism, a name subsequently changed to Laron syndrome
[62]. Long term treatment of patients with LS promotes growth and, if treatment is started at
an early age, there is a considerable potential for achieving height normalisation [63]. The
recently available recombinant human insulin-like growth factor I has shown promise as a
promoter of growth in children with Laron syndrome. Main adverse effects with IGF-1
treatment is hypoglycemia. Other adverse effects of IGF-1 treatment appear to be related to
hyperstimulation of lymphoid tissue growth: tonsillar growth, snoring, sleep apnea, recurrent
ear infections, thymic hypertrophy, and splenic enlargement [64, 65, 66, 67]. Injection site
hypertrophy has been observed, but is generally amenable to proper rotation of injection sites.
Arthralgias and myalgias have been reported in as many as 20% of recipients in uncontrolled
studies, but are usually transient. Benign intracranial hypertension has been reported in ~4%
of recipients. Although this number appears somewhat larger than that observed with GH
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humans, it is found that bone marrow IGF-1 concentrations were 40% lower in individuals
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controls, total bone mass was found lower in men with GH deficiency and The total BMD was
found positively related to plasma IGF-1 and median of GH values [52]. GH deficiency in
adulthood is associated with reduced BMD. IGF-1 may be an early marker for low bone mass
[53]. Short term treatment with recombinant human IGF-1 in healthy postmenopausal women
resulted in increases in bone turnover markers [54]. However, certain effects of the long-term
treatment with IGF-1 is unknown.

4. IGFs and growth

Linear bone growth at the epiphyseal plate occurs by a process that is similar to endochondral
ossification. The epiphyseal plate between the epiphysis and the metaphysis grows by mitosis.
This process continues throughout childhood and the adolescent years until the cartilage
growth slows and finally stops. GH may act directly at the growth plate to amplify the
production of chondrocytes from germinal zone precursors and then to induce local IGF-1
synthesis, which is thought to stimulate the clonal expansion of chondrocyte columns in an
autocrine/paracrine manner [55, 56]. IGF-2 mRNA expression is higher in the proliferative and
resting zones than the hypertrophic zone. IGF-1 and GH receptors are expressed throughout
the growth plate. Molecular studies revealed that the causes of GH resistance are deletions[57]
or mutations [58] in the GH receptor gene, resulting in the failure to generate IGF-1 and a
reduction in the synthesis of several other substances,including IGFBP-3.

The expression of IGF-I, IGF-II, IGFBP-3, and ALS is tightly controlled by GH. STAT5B is a
transcription factor mediating effect of GH on liver. Six cases of homozygous mutations of the
signal transducer and activator of transcription STAT5B gene have also been described [59].
These mutations result in a type of dwarfism characterised by high serum GH values. Studies
revealed that these patients cannot generate IGF-1. Several cases have been reported of
mutations of the gene for the ALS, which encodes a protein which forms part of the ternary
complex that transports IGF-1 in serum [60, 61]. These cases have markedly low serum IGF-1
concentrations and modest growth failure. Syndrome of GH resistance (insensitivity) was
named by Elders et al as Laron dwarfism, a name subsequently changed to Laron syndrome
[62]. Long term treatment of patients with LS promotes growth and, if treatment is started at
an early age, there is a considerable potential for achieving height normalisation [63]. The
recently available recombinant human insulin-like growth factor I has shown promise as a
promoter of growth in children with Laron syndrome. Main adverse effects with IGF-1
treatment is hypoglycemia. Other adverse effects of IGF-1 treatment appear to be related to
hyperstimulation of lymphoid tissue growth: tonsillar growth, snoring, sleep apnea, recurrent
ear infections, thymic hypertrophy, and splenic enlargement [64, 65, 66, 67]. Injection site
hypertrophy has been observed, but is generally amenable to proper rotation of injection sites.
Arthralgias and myalgias have been reported in as many as 20% of recipients in uncontrolled
studies, but are usually transient. Benign intracranial hypertension has been reported in ~4%
of recipients. Although this number appears somewhat larger than that observed with GH
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treatment, it is usually transient, disappearing following temporary cessation of treatment.
Craniofacial growth, sometimes with coarsening of features, has been described in a number
of patients [64, 65, 66, 67].

5. IGFs and cancer

The IGF-1R can regulate cell-cycle progression through control of several cycle checkpoints.
It can facilitate G0-G1 transition through activation of p70S6K, leading to phosphorylation of
the S6 ribosomal protein and an increased ribosomal pool necessary for entry into the cycle
[68]. It can promote G1-S transition by increasing cyclin D1 and CDK4 gene expression, leading
to retinoblastoma protein phosphorylation, release of the transcription factor E2F, and
synthesis of cyclin E [69, 70]. Alterations in cyclin D1 expression to play a role in tumor
formation. IGF’s are also important for the development and progression of angiogenesis in
tumors. Tumor-induced neovascularization is one of the pathologic mechanisms lying
underlying cancer metastasis. IGF-1 and IGF-2 can induce angiogenesis by stimulating the
migration and morphological differentiation of endothelial cells [71, 72]. Hypoxia is a major
trigger for tumor-dependent angiogenesis. IGF-1 and IGF-2 can induce the expression of
hypoxia-inducible factor 1α and this can lead to the formation of the HIF-1/arylhydrocarbon
receptor nuclear translocator complex which is involved in transcriptional regulation of
hypoxia response element-containing genes such as VEGF [73], a major tumor-derived
angiogenic factor. The IGF system can cooperate with other tyrosine kinase receptors such as
the EGFR in the induction of angiogenesis [74].

Accumulating evidence has suggested that GH and IGF-1 may be important components of
the pathophysiologic mechanisms that underlie the growth of neoplasms, including colorectal
carcinoma [75, 76, 77, 78]. Many epidemiology studies have indicated that high levels of IGF
- I or altered levels of its binding proteins, or both, are associated with an increased risk of the
most common cancers, including cancers of the lung [79], colon and rectum [80], prostate, and
breast [81].

Patients with acromegaly, who have elevated levels of circulating GH and IGF-1, may be at
increased risk of developing colorectal adenoma and carcinoma [82, 83].

Two prospective epidemiologic studies [84, 85] have shown that higher plasma IGF-1 and
lower plasma IGFBP-3 concentrations are associated with an increased risk of colorectal
adenoma and cancer among both men and women. These observations suggest that the ratio
of circulating IGF-1/IGFBP-3 may be a marker of circulating and tissue IGF-1 bioavailability.
Cancer can cause proteolysis of insulin-like growth factor binding protein-3 and affect
concentrations of IGFBP-2. These changes in IGF system can affect distribution and clearance
of IGFs, thus bioavaibility of IGFs to spesific tissues. In vitro studies on human colon cancer
cells, which showed that IGF-1 promoted cell proliferation, IGF-1 receptors were frequently
overexpressed on colon cancer cells and IGF-1R blockade with a monoclonal antibody
inhibited cell proliferation [85]. A larger case-control study from Sweden reported a similar
positive association between IGF-1 level and prostate cancer risk [86]. In the Physicians’ Health
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Study, a prospective epidemiological study, the associations between IGF-1 and IGFBP-3 levels
and subsequent prostate cancer risk among 152 patients and 152 age-matched controls were
investigated. There was a significant linear trend between IGF-1 and prostate cancer risk [87].
Strong association between IGF-1 and IGFBP-3 levels and the risk of advanced prostate cancer
but no association with early stage disease was found. Measurement of IGF-1 and IGFBP-3
levels may predict the risk of advanced stage prostate cancer years before the cancer is actually
diagnosed and may be helpful in aiding decision making about treatment [88]. No trend in the
relative risk of prostate cancer with increasing IGF-1 was found in another study; rather, the
highest incidence of prostate cancer was in the lowest quartile of IGF-1, and the incidence in
the other quartiles of IGF-1 was slightly lower but not statistically significantly different from
incidence rates in the lowest quartile [89]. A multiethnic study was perforned to determine the
associations between prediagnostic levels of IGF-1 and IGFBP-3 and risk of prostate cancer. In
this study no association was observed for levels of IGF-1 or IGF-to-IGFBP-3 ratio and prostate
cancer risk [90]. In one metaanalyze including included both retrospective and prospective
studies and demonstrated that average 21% increase risk of prostate cancer per standard
deviation increase in IGF-1. A stronger association of IGF-1 was found in more aggressive and
advanced cancers in comparison to nonaggressive and localized ones [91]. Considerable
evidence has accumulated that suggests that the IGF system is involved in the pathophysiology
of prostate cancer. GH is believed to be the pituitary factor responsible for mammary ductal
morphogenesis [92, 93]. It has been reported that IGF-1 or amino-terminally truncated IGF-1,
des(1–3) IGF-1, mimic the action of GH on mammary development in hypophysectomized
gonadectomized rats [94, 95]. IGF-1 mRNA is localized to stromal fibroblasts surrounding
normal breast epithelium while high levels of IGF-2 mRNA are found in fibroblasts adjacent
to malignant epithelium [96, 97]. Malignant breast epithelial cells can induce expression of
IGF-2 in the stroma in vitro [98]. IGF-1R has been found on the surface of malignant breast
epithelial cells [99] and IGFs provide radioprotection and resistance of breast cancer cells to
chemotherapeutic agents [100, 101]. Some epidemiologic studies have associated high
circulating levels of IGF-1 with increased risk of breast cancer among premenopausal women.
In a meta-analysis, circulating levels of IGF-1 were not significantly higher in breast cancer
patients than in controls for all women and for the postmenopausal group but were signifi‐
cantly higher for the premenopausal group [102]. Literature on the relationship between breast
cancer risk and circulating concentrations of IGF-1 and IGFBP-3 showed an increased risk for
premenopausal women with increasing levels of IGF-1 and IGFBP-3. More prospective studies
are needed to clarify the association between IGF-1 and IGFBP-3 and breast cancer.

Overexpression of IGF-2 mRNA and peptide has been described in human pheochromocyto‐
mas [103, 104]. Despite to this finding, very little tumoral IGF-2 is released into the circulation,
unlike catecholamines [104]. IGF-1 also seems to be secreted by pheochromocytoma cells in an
autocrine or paracrine manner. In rat pheochromocytoma PC12 cells IGF-1R has been shown
to be important for the stimulation of cell replication [105]. Significant overexpression of the
IGF-1R in human pheochromocytomas was found. [106]. IGF-1 was 10 times more potent in
stimulating DNA synthesis than IGF-2, suggesting that these effects are mediated by the
IGF-1R [107, 108]. In Wilms' tumor, a childhood kidney neoplasm expresses IGF-2 mRNA and
protein [109]. Wilms' tumors contain receptors that recognize and respond to exogenous IGF
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[110]. Deletions or point mutations of the Wilms tumor suppressor gene-1 (WT-1) on chromo‐
some 11p13 are associated with Wilms’ tumors. WT1 binds to multiple sites in the promoter
region of the IGF-2 gene, and that it acts as a potent repressor of IGF-2 transcription [111]. A
molecular basis for the overexpression of IGF-2 in Wilms’ tumor may have autocrine effects
in tumor progression.

IGF-1R is expressed in pancreatic cancer cell lines and human pancreatic cancers and also IGF-1
is markedly overexpressed in these cancers [112]. The anti-IGF-1R antibody inhibited the action
of IGF-1 on cell proliferation. Moderately strong IGF-2R immunoreactivity was present in the
cytoplasm of islet cells and mild cytoplasmic immunoreactivity was evident occasionally in
ductal and acinar cells. In the pancreatic cancers, regions of strong IGF-2R immunoreactivity
were present in the duct-like cancer cells within the tumor mass often exhibiting nuclear
localization [113].

IGF-2R may contribute to the pathobiology of pancreatic cancer. Insulin-like growth factor 2
mRNA binding protein 3 (IGF2BP-3) was found to be selectively overexpressed in pancreatic
ductal adenocarcinoma tissues but not in benign pancreatic tissues. The highest rate of
expression was seen in poorly differentiated cancers. Overall survival was found to be
significantly shorter in patients with IGF2BP-3 expressing tumors [114]. Enhanced expression
of IGF-1 and IGF-2 mRNA transcripts has been demonstrated in gliomas, meniningiomas, and
other tumours [115]. Patients with malignant CNS tumours showed increased IGFBP-2
concentrations in CSF. Patients with CNS tumours and microscopically detectable malignant
cells in their CSF had the highest IGFBP-2 values [116]. The IGFs have important roles in the
normal ovary and exert intra-ovarian control in the replication and differentiation processes
of folliculogenesis. [117, 118]. The IGFs, their receptors and IGFBPs were identified in ovarian
tumours. IGFBP-2 levels are high in the sera of patients with epithelial ovarian cancer and they
may be useful as a possible tumour marker [119, 120]. Primary ovarian epithelial cell lines
derived from previously untreated ovarian cancers expressed all major components of the IGF
system and were able to demonstrate functional responses to exogenous IGFs [121]. Expression
of the IGF-2 gene was more than 300-fold higher in ovarian cancers compared with normal
ovarian surface epithelium samples. High IGF-2 expression was associated with advanced
stage disease at diagnosis, high-grade cancers and sub-optimal surgical cytoreduction.
Relative IGF-2 expression was regarded as an independent predictor of poor survival [122].
IGF-1 mRNA expression and peptide concentrations were also analyzed in epithelial ovarian
cancer. High levels of free IGF-1 peptide were associated with elevated risk of disease
progression. Women with high IGF-1 mRNA and peptide were found to be at greater risk for
disease progression compared to those with low in both [123].

6. IGFs and hypoglycemia

Hypoglyaemia from malignant tumours is rare. This is the only paraneoplastic syndrome
caused by the IGF2 overproduction. This phenomenon, referred to as non islet cell tumour
hypoglycaemia (NICTH). Hypoglycaemia secondary to mesenchymal tumours account for
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64% of the cases with hepatomas, adrenal carcinomas, and gastrointestinal malignancies
accounting for others [124, 125]. Endogenous IGFs which circulate in adults fail to exert their
immense potential hypoglycaemic activity because they are largely trapped within the
vascular space due to their sequestration in a high molecular weight protein complex. IGF-2
leads to an increased peripheral glucose uptake in different tissues as well as inhibition of
hepatic gluconeogenesis and lipolysis [126]. IGF-2 has also been shown to have high affinity
binding with the insulin receptor. The insulin receptor exon 11+ (IR-B) isoform is the form best
known for the classic metabolic responses induced upon insulin binding and this isoform has
low affinity for the IGFs. IGF-2 binds with high affinity to the insulin receptor exon 11− (IR-A)
isoform of the IR. Activation of IR-A leads to mitogenic responses similar to those described
for the IGF-1R [127]. IGF-2 gene can be expressed to produce proteins of various molecular
weights. The most active form, with regard to binding of IGF receptors, is 7.5kDa [128]. IGF-2
gene expression regulation, post-translational processing of the 156-amino acid IGF-2 precur‐
sor is abnormal in tumors [129]. Larger forms lack posttranslational cleavage plays role in
hypoglycemia. Incompletely processed IGF-II (Big-IGF-II) has a strongly reduced affinity for
ALS. Impaired formation of the 150 kDa complex, tumour-derived ‘big’-IGF-II primarily forms
smaller binary complexes with IGFBPs and a greater fraction may stay in the free unbound
form [130, 131, 132]. These smaller complexes have a greater capillary permeability and thus
are thought to increase IGF bioavailability to the tissues, resulting in hypoglycaemia through
action on the insulin receptors and IGF1R [133]. Patients whose underlying condition is one
of GH resistance, especially if it is complete and at the level of the GHR, having lost the counter-
regulatory effects of GH, are susceptible to hypoglycemia with the IGF-1 treatment [134].
Administration of IGF-I with meals may overcome with this problem.

7. IGFs and diabetes

Reduced IGF-1 levels have been proposed to have a role in diabetes [135]. In animal studies
deletion of IGF-1 gene expression in liver caused increased GH secretion and reduced insülin
sensitivity.  A  positive  association  between  low  IGF-1  levels  and  glucose  intolerance/
diabetes in a sample of 615 subjects aged 45-65 years was found [136]. In contrast, recent‐
ly Rajpatak et al did not find an independent association between IGF-1 and diabetes among
922 subjects aged >/=65 yrs from the Cardiovascular Health Study [137]. In a study was to
evaluate  the  association  between  IGF-1  level  and insulin  resistance,  both  low and high
normal IGF-1 levels are found to be related to insulin resistance [138].  A study in 7,665
subjects showed that low and high baseline IGF-1 serum concentrations were both related
to a higher risk of developing type 2 diabetes within 5 years [139]. This U-shaped associa‐
tion seems to be likely in face of  a  higher  prevalence of  metabolic  syndrome or  type 2
diabetes in patients with GH deficiency [140]. A state of low IGF-1 levels, as well as with
acromegaly [141], a disease characterized by high IGF-1 levels, although endogenous GH
secretion may confound short-term glucose homeostasis in these patients. IGF-1 administra‐
tion reduces the GH hypersecretion of adolescents and adults with type 1 diabetes [142,
143]. IGF-1 administration increases systemic IGF-1 levels, resulting in reduced GH secretion

The Insulin-Like Growth Factor System in the Human Pathology
http://dx.doi.org/10.5772/55213

205



[110]. Deletions or point mutations of the Wilms tumor suppressor gene-1 (WT-1) on chromo‐
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normal ovary and exert intra-ovarian control in the replication and differentiation processes
of folliculogenesis. [117, 118]. The IGFs, their receptors and IGFBPs were identified in ovarian
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evaluate  the  association  between  IGF-1  level  and insulin  resistance,  both  low and high
normal IGF-1 levels are found to be related to insulin resistance [138].  A study in 7,665
subjects showed that low and high baseline IGF-1 serum concentrations were both related
to a higher risk of developing type 2 diabetes within 5 years [139]. This U-shaped associa‐
tion seems to be likely in face of  a  higher  prevalence of  metabolic  syndrome or  type 2
diabetes in patients with GH deficiency [140]. A state of low IGF-1 levels, as well as with
acromegaly [141], a disease characterized by high IGF-1 levels, although endogenous GH
secretion may confound short-term glucose homeostasis in these patients. IGF-1 administra‐
tion reduces the GH hypersecretion of adolescents and adults with type 1 diabetes [142,
143]. IGF-1 administration increases systemic IGF-1 levels, resulting in reduced GH secretion
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and improves insulin sensitivity in adults with type 1 diabetes [144]. Also in patients with
types  2  diabetes,  glycemic  control  improves  with  IGF-1  treatment  [145].  In  one  study,
subcutaneous administration of  of  recombinant  human IGF-1 (for  6  weeks)  significantly
lowered  blood  glucose.  Glycosylated  hemoglobin,  which  was  10.4%  pretreatment,  de‐
clined  to  8.1%  at  the  end  of  therapy  and  this  improvement  in  glycemic  control  was
accompanied by a change in body composition with a 2.1% loss in body fat without change
in total body weight [146]. Paracrine or autocrine effects of IGF-1 may paly a role in the
pathogenesis of diabetic complications. Hyperglycemia and IGF-1 stimulate the endothe‐
lial  cell  migration,  and  tubular  formation  is  induced  by  a  combination  of  IGF-1  and
hyperglycemia [147]. Animal models have provided direct evidence that IGF-1 contributes
to the development of retinopathy induced by retinal ischemia. Active capillary prolifera‐
tion has been documented after implantation of intracorneal pellets containing IGF-1 [148].
The progression of retinopathy is slowed in diabetic patients with hypopituitarism who have
low serum IGF-1 levels [149, 150]. Patients with more rapid progression of their retinop‐
athy had the highest levels of IGF-1 in the vitreous [151]. However, Data concerning the
relationship between serum IGF-1 levels and diabetic retinopathy is contradictory. Some
studies have shown no association between serum IGF-I  levels  and the development or
progression of diabetic retinopathy. In patients with diabetic retinopathy IGF-1 reducing
treatment strategies with either somatostatins or pegvisomant have been tried. Glomerular
hypertrophy is thought to be one of the key early changes in the development of diabetic
nephropathy. IGF-I has been associated with renal/glomerular hypertrophy and compensa‐
tory  renal  growth.  Epithelial,  mesangial,  and  endothelial  cells  derived  from the  kidney
respond to IGF-1 binding with increased protein synthesis,  migration,  and proliferation.
Both GH and IGF-I increase renal plasma flow and glomerular filtration rate. Microalbumi‐
nuric patients display higher levels of urinary IGF-1, urinary GH, and plasma IGF-1 than
normoalbuminuric diabetic subjects [152]. Patients with microalbuminuria had higher levels
of urinary IGFBP-3 even when compared to patients without microalbuminuria matched for
metabolic control [152, 153, 154]. Hyperglycemic conditions limit the protective role of IGF-
I against podocyte apoptosis. IGFBP-3 can facilitate podocyte apoptosis. Podocyte structur‐
al changes also contribute to the pathogenesis of albuminuria in diabetes. IGF-1 binding to
its type 1 receptors stimulates mesengial cell proliferation [155]. Mesengial cell prolifera‐
tion is one of the factors that contributes diabetic nephropathy.

Higher IGF-1 bioavailability may protect against the onset of ischemic heart disease [156,
157].  Potential  beneficial  actions of IGF-1 in cardiovascular physiology include increased
nitric  oxide  synthesis  and  K+  channel  opening  [158,159]  and  this  may  explain  the  im‐
paired small-vessel function associated with low IGF-1 levels in patients with cardiovascu‐
lar syndrome X [159]. Higher IGF-1 bioavailability may offer improved metabolic control
and prevent vascular complications in type 2 diabetic patients. In contrast to this finding,
posttranslational phosphorylation of IGFBP-1 increases its affinity for IGF-1 and modify IGF
bioavailability. Low circulating levels of hpIGFBP-1 are found to be closely correlated with
macrovascular disease and hypertension in type 2 diabetes [160]. further studies are needed
to better  understand the true value of  the IGF-1/IGFBP axis  in macrovascular complica‐
tions of diabetes.
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Higher IGF-1 bioavailability may protect against the onset of ischemic heart disease [156,
157].  Potential  beneficial  actions of IGF-1 in cardiovascular physiology include increased
nitric  oxide  synthesis  and  K+  channel  opening  [158,159]  and  this  may  explain  the  im‐
paired small-vessel function associated with low IGF-1 levels in patients with cardiovascu‐
lar syndrome X [159]. Higher IGF-1 bioavailability may offer improved metabolic control
and prevent vascular complications in type 2 diabetic patients. In contrast to this finding,
posttranslational phosphorylation of IGFBP-1 increases its affinity for IGF-1 and modify IGF
bioavailability. Low circulating levels of hpIGFBP-1 are found to be closely correlated with
macrovascular disease and hypertension in type 2 diabetes [160]. further studies are needed
to better  understand the true value of  the IGF-1/IGFBP axis  in macrovascular complica‐
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1. Introduction

Paralleling  the  burgeoning  epidemics  of  childhood obesity,  nonalcoholic  fatty  liver  dis‐
ease (NAFLD) is  now recognized as the most common cause of chronic liver disease in
children [1,2].

NAFLD is a clinic-pathological condition defined by the accumulation of intrahepatic trigly‐
ceride fat (IHTF) content in the absence of alcohol consumption [1,2].

NAFLD encompasses a wide spectrum of liver damage, ranging from asymptomatic steato‐
sis with elevated or normal aminotransferases to steatosis with inflammation, ballooning de‐
generation and pericellular fibrosis (Nonalcoholic Steatohepatitis, NASH) to cirrhosis [2,3].

Although there are limited long-term data on the natural history of NAFLD in children,
NASH is increasingly diagnosed in obese children [4] and it may progress to cirrhosis even
in this age group [2,5]. In addition, children with NAFLD have a 13.6-fold higher risk of
mortality or requiring a liver transplant as compared to age/sex matched controls [6].

During the last years there has been a growing interest in the relationship between NAFLD
and the development of metabolic and cardiovascular diseases [7-9].

Several  lines  of  evidence  have  shown  that  in  obese  children  and  adolescents  excessive
accumulation of IHTF is associated with important alterations in glucose, fatty acid (FA),
lipoprotein metabolism and inflammation,  suggesting that IHTF represents a strong risk
factor for the development of the Metabolic Syndrome (MetS) and type 2 diabetes melli‐
tus (T2D) [7-10].
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Although a multifactorial pathogenesis of NAFLD has been postulated [12-14], obesity and
insulin resistance represent two important players in the development of the early stages of
the disease [2,14]. Interestingly, although the insulin resistance state could explain the rela‐
tionship between NAFLD and the development of metabolic alterations [10,15], the presence
of liver steatosis is also an important marker of multiorgan insulin resistance [16], opening a
debate as to whether hepatic steatosis is a consequence or cause of insulin resistance.

Therefore, it would be of paramount importance to identify children affected by NAFLD
and to better understand the pathogenesis of this condition in order to prevent the develop‐
ment of the associated metabolic complications early in life.

2. Definition and prevalence of NAFLD

Despite fatty liver is becoming one of the most common hepatic alterations in obese children
[1,2], the prevalence of pediatric NAFLD is uncertain, mainly due to the methods used to
assess fatty liver.

NAFLD is defined as an IHTF content > 5% of liver volume or weight and as a presence
≥5% of  hepatocytes  containing  intracellular  triglycerides,  in  the  absence  of  alcohol  con‐
sumption [17,18].

The gold standard for diagnosing NAFLD is liver biopsy [19,20]. Liver biopsy allows an ac‐
curate assessment of histopatological findings, providing information on the type of NAFLD
(simple steatosis or steatohepatitis) and the various degrees of hepatic fibrosis [20]. Howev‐
er, the main limitation of the application of liver biopsy in the pediatric age group is due to
the fact that it is an invasive procedure; thus, it is not considered as first line to screen the
presence of liver disease [19,20].

Although non-invasive methods, such as computer tomography, MRI, or ultrasonography
are unable to distinguish between NASH and other forms of NAFLD [19,21], they have an
acceptable sensitivity and specificity for the diagnosis of increased fat accumulation in the
liver [21]. Furthermore, ultrasound has been shown to have a good correlation with the his‐
tological findings of liver biopsy, particularly macrovescicular steatosis [22].

In clinical practice, combining liver function tests, such as serum aminotransferases [18],
with liver ultrasound represents a useful way of identifying the presence of liver steatosis in
obese children.

In spite of the method used, it is clear that the prevalence of NAFDL is increasing in chil‐
dren and adolescence. NAFLD affects 2.6% of normal children [23] and up to 77% of obese
individuals [24,25]. Pediatric NAFLD extends beyond North America according to centers in
Europe, Asia, South America and Australia [2,3]. The prevalence of fatty liver in obese chil‐
dren in China, Italy, Japan, and the United States has been reported to be between 10% and
77% [2,3]. Data derived from the National Health and Nutrition Examination Survey III
(1988-1994) suggest that approximately 3% of adolescents present abnormal serum amino‐

Hot Topics in Endocrine and Endocrine-Related Diseases222

transferase values [26]. Moreover, studies from autopsies of 742 children (ages 2–19 years)
reported fatty liver prevalence at 9.6%, and in obese children this rate increased to an alarm‐
ing 38% [25].

NAFLD has been also described in obese prepubertal children. In the study by Manco et al.
[27] NAFLD was detected in children as young as 3 years old.

The prevalence of NAFLD is around 30% in children with a Tanner pubertal stage I, signifi‐
cantly lower when compared to that found in the pubertal age [28].

Alarming data come from our study population of prepubertal Caucasian obese children
[29]. Out of 100 severely obese prepubertal children, liver steatosis was found in 52% and
was equally distributed between the two sexes [29].

Thus, NAFLD in an emerging health problem even in very young age groups.

3. Pathogenesis and risk factors of NAFLD

Although the pathogenetic mechanism of NAFLD is not completely understood, in accord‐
ance with the “two hit hypothesis”, insulin resistance and oxidative stress represent two key
factors for the development and progression of NAFLD/NASH [12,17,20].

3.1. Insulin resistance and central obesity

The “two-hit” model proposes that fat accumulation in the hepatocytes is a prerequisite for
a second hit that induces fibrosis and inflammation [30].

Fat accumulation in the liver is likely to result from insulin resistance and concomitant im‐
pairment of fatty acid (FA) metabolism within liver, skeletal muscle and adipose tissue [31].

Insulin resistance seems to be responsible for abnormalities in lipid storage and lipolysis in
insulin-sensitive tissues, leading to an increased fatty acids flux from adipose tissue to the
liver and subsequent accumulation of triglycerides in the hepatocytes [31]. In particular,
steatosis develops when the rate of FA input (uptake and synthesis with subsequent esterifi‐
cation to triglycerides (TG)) is greater than the rate of FA output (oxidation and secretion)
[11]. The amount of TG in the hepatocytes represents a complex interaction among [11,31]:
hepatic FA uptake, derived from plasma free fatty acid (FFA) released from hydrolysis of
adipose tissue and FFA released from hydrolysis of circulating TG; de novo FA synthesis
(de novo lipogenesis [DNL]); fatty acid oxidation (FAO); FA export within very low-density
lipoprotein (VLDL)-TG.

Obesity is the most important cause in the development of insulin resistance and it has been
demonstrated that the critical determinant of insulin sensitivity is not the degree of obesity
per se but the distribution of fat partitioning [32,33].
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Several studies [32,33] have demonstrated that obese adolescents presenting increased intra‐
myocellular lipid content (IMCL) [32] and visceral fat and decreased subcutaneous fat depo‐
sition are more likely to develop insulin resistance.

There is extensive evidence indicating that central obesity is associated with an impaired in‐
sulin action in obese pediatric populations. Although controversy remains regarding the
contribution of visceral and subcutaneous fat to the development of insulin resistance [33], a
previous study by Cruz et al. [35] showed a direct impact of visceral fat accumulation on
insulin sensitivity and secretion, independently of total body adiposity, in obese children
with a family history of T2D. Indeed, by stratifying a multiethnic cohort of obese adoles‐
cents into tertiles based on the proportion of visceral fat in the abdomen (visceral/subcutane‐
ous fat ratio), insulin resistance (homeostasis model assessment) significantly increased and
insulin sensitivity (Matsuda index) decreased in obese adolescents with high proportion of
visceral fat and relatively low abdominal subcutaneous fat [33].

These findings suggest that obese children and adolescents at risk for developing metabolic
complications are not necessarily the most severely obese, but are characterized by an un‐
favorable lipid partitioning profile.

3.2. Insulin resistance and fatty liver disease: Which comes first?

Despite the demonstrated relationship between IMCL, visceral fat and metabolic dysfunc‐
tion, the ectopic fat deposition in the liver is emerging as the most important marker of insu‐
lin resistance in adults [15] as well as in obese pediatric population [36].

In healthy nondiabetic humans the correlation between the IHTF content and peripheral in‐
sulin resistance was much stronger than the correlation with intramyocellular lipid content,
visceral fat content or subcutaneous fat content [37]. The relationship between liver steatosis
and insulin resistance has been clearly demonstrated in children [36,29]. In our cross section‐
al study, we evaluated insulin resistance indexes between obese prepubertal children with
and without liver steatosis; furthermore insulin resistance indexes were compared to values
of normal weight children. Our results showed that children with NAFLD not only present‐
ed severe obesity but also an increased degree of insulin resistance when compared to the
sex- and age-matched normal weight children [29].

The relationship between insulin resistance and fatty liver disease is not only related to the
presence of liver steatosis, but also to the degree of fatty liver. In a multiethnic cohort of
obese adolescents, Calì et al. [36] clearly showed a significant decrease in insulin sensitivity
and an imbalance between anti- and pro-inflammatory markers [adiponectin and interleu‐
kin 6 (IL-6)] paralleling the severity of hepatic steatosis [36]. In particular, adiponectin, the
most abundant secretory protein produced by adipose tissue, is closely related with insulin
action. Plasma adiponectin concentrations are inversely associated with hepatic steatosis
and metabolic complications [37,38].

Although these findings support the central role of insulin resistance in the development of
fatty liver, several studies have demonstrated that the presence of liver steatosis is an impor‐
tant marker of multiorgan insulin resistance, independently of BMI, percent body fat, and
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visceral fat mass [11,15,36]. In particular, NAFLD has been found to be associated with insu‐
lin resistance in liver (impaired suppression of insulin-mediated glucose production) [39,40],
skeletal muscle (reduced insulin stimulated glucose uptake) [40] and adipose tissue (de‐
crease inhibition of lipolysis by insulin) [41] in obese children and adolescents, independent‐
ly of adiposity.

Recently, Caprio et al. [16] reported that obese adolescents with high liver fat content, inde‐
pendent of visceral and IMCL had an impaired insulin action (as assessed by the hyperinsu‐
linemic-euglycemic clamp) in the liver and in the muscle and early defects in β-cell function
[16]. These results suggest that the liver has a central role in the complex phenotype of the
insulin resistance state in obese adolescents with fatty liver.

Although it is clear that there is an important correlation between insulin resistance and
hepatic steatosis, the mechanisms responsible for the interrelationships between fatty liver
disease and insulin resistance are not clearly understood. In fact, it remains unclear whether
hepatic steatosis is a consequence or the primary event leading to hepatic and subsequently
peripheral insulin resistance.

Petersen et al. [42] showed that the lack of adipose tissue in the congenital lipodystrophy is
characterized by extreme insulin resistance associated with massive hepatic fat accumula‐
tion; intervention with subcutaneous leptin administration in these patients improved
whole-body insulin sensitivity mainly due to the mobilization of the excessive fatty liver
content.

Models of patients with liver cirrhosis in which hepatic dysfunction is known to be the pri‐
mary disturbance provide strong support that insulin resistance in peripheral tissues devel‐
ops secondary to liver disease [43]. 60-80% of patients with liver cirrhosis are glucose
intolerant and in 10-15% diabetes occurs relatively rapidly (over a period of 5 years). Diabe‐
tes complicating liver cirrhosis, also known as hepatogenous diabetes, and the common
form of T2D are the results of a marked reduction in insulin action and a β-cell secretion de‐
fect that is not able to compensate the severity of insulin resistance [43,44]. The important
role of peripheral insulin resistance in the glucose tolerance of cirrhosis has been highlighted
by the observation that liver transplantation, when the dosage of immunosuppressive
agents was reduce and corticosteroids withdrawn, was able to restore normal insulin sensi‐
tivity not only in the liver but also at the level of the skeletal muscle and adipose tissue and
normalizes glucose tolerance in most patients with diabetes [43,44].

The mechanism by which IHTF has an important systemic consequence to adversely affect
insulin sensitivity is unknown. However, it has been proposed that fatty liver might inter‐
fere with insulin degradation [45]; the resultant hyperinsulinemia may potentially be able to
impair insulin action in peripheral tissues, as shown in benign insulinoma induced hyperin‐
sulinemia [43,44,46]. This hyperinsulinemia-induced mechanism may be justified also based
on the finding of the reverse experiment: when the prolonged infusion of octreotide was ad‐
ministered to extremely insulin-resistant cirrhotic individuals, the correlation of hyperinsuli‐
nemia was paralleled by the restoration of normal insulin sensitivity [43,47].
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Although these data showed a clear possibility that intrahepatic fat accumulation plays a
key role in the onset of insulin resistance and insulin resistance syndrome, longitudinal data
are needed in order to clarify which abnormality comes first.

3.3. Oxidative stress

In accordance with the “two hit hypothesis”, dysfunction of various oxidation pathways
within the hepatocytes and subsequent overproduction of reactive oxygen species (ROS),
may result in the peroxidation of accumulated lipids, inflammation, hepatocellular apopto‐
sis and fibrogenesis [31].

Obese subjects affected by NAFLD present an impaired oxidant-antioxidant status than sub‐
jects without [12,48].

Interestingly, we recently observed [48] that obese prepubertal children affected by liver
steatosis had impaired levels of receptors for advanced glycation endproducts (RAGEs),
which has been demonstrated to be correlated with the progression of several metabolic and
cardiovascular diseases. In particular, obese prepubertal children with liver steatosis pre‐
sented decreased RAGEs levels compared with children without liver disease, underling
that oxidative stress could play a role even in the early stages of the disease [48].

3.4. Genetic and environmental factors associated with fatty liver disease

Several genetic and environmental factors are likely responsible for NAFLD and its progres‐
sion from simple steatosis to NASH.

In fact, although the development of NAFLD is strongly linked to obesity and insulin resist‐
ance, there are obese individuals who do not have NAFLD, and since NAFLD can occur in
normal-weight individuals with normal metabolic profile, thus multiple genetic and envi‐
ronmental factors should be involved in its development [49].

Initial evidence for a genetic component of NAFLD comes from ethnic variation in NAFLD
prevalence [50]. Children from certain ethnicities are predisposed to NAFLD, primarily His‐
panics, Asians and Native Americans [25,50].

Furthermore, a familial aggregation study of fatty liver in overweight children with and
without NAFLD found that fatty liver is a highly heritable trait. Family members of children
with biopsy-proven NAFLD and overweight children without NAFLD were evaluated by
magnetic resonance imaging (MRI). Fatty liver was identified in 17% of siblings and 37% of
parents of overweight children without NAFLD and in 59% of siblings and 78% of parents
of children with NAFLD [51].

Interestingly, Romeo et al. [52] conducted the first genome-wide association scan conducted
in a large multiethnic population. The authors demonstrated that the patatin-like phospholi‐
pase domain containing protein 3 (also known as adiponutrin) gene was strongly associated
with IHTF content in adults [52].
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These findings have been recently supported by Santoro et al. [53]. By genotyping the
PNLPA3 SNP in a multiethnic group of 85 obese youths, the authors found that the PNPLA3
rs738409 SNP gene confers susceptibility to hepatic steatosis.

Nutrition and physical activity are important environmental factors that determine risk in
NAFLD.

Excess food intake and lack of exercise contribute to weight gain, which has been shown to
contribute to the progression of liver fibrosis in patients with NAFLD [54]. Specific dietary
factors may also play either protective or antagonistic roles in the development and progres‐
sion of NAFLD. An increased consumption of meat and soft drinks and low consumption of
fish were found to be associated with NAFLD cases compared with controls [49]. Further‐
more, low intakes of polyunsaturated fatty acid (PUFA) and high intakes of saturated fat
and cholesterol were also shown to be associated with NAFLD [49]. Other studies have
shown higher-carbohydrate and lower-fat diets to be associated with more progressive dis‐
ease [49,55]. Notably, very recent animal data have shown that in both mice [49,56] and non-
human primates [49] exposure to a maternal high-fat diet leads to a disturbing development
and progression of NAFLD in the offspring.

It has been proposed that increase consumption of fructose in soft drinks and fruit drinks
may have a role in the pathogenesis of NAFLD [2]. In one study, children with biopsy-pro‐
ven NAFLD were shown to have significantly elevated plasma TG levels and oxidative
stress levels after consumption of fructose as compared with glucose [57]. However, chil‐
dren without NAFLD were found to have no differences in TG or oxidative stress levels fol‐
lowing the consumption of glucose compared with fructose [2].

Small  intestinal  bacterial  overgrowth  may  be  an  additional  environmental  factor  in‐
volved in NAFLD pathogenesis,  and dietary supplements such as probiotics could have
a  beneficial  effect  [49].  Evidences  from animal  studies  have  shown that  small  intestinal
bacterial  overgrowth increases  gut  permeability  leading to  portal  endotoxaemia  and in‐
creased  circulating  inflammatory  cytokines,  both  of  which  have  been  implicated  in  the
progression of NAFLD [58,59].

4. NAFLD, metabolic and cardiovascular complications in obese children
and adolescents

4.1. NAFLD and metabolic complications

NAFLD is nowadays considered the hepatic manifestation of the MetS in adults as well as in
children [60]. This is not surprising since NAFLD is closely associated with obesity, insulin
resistance, and alterations in glucose and lipid metabolism [44].

The association between NAFLD and MetS has been clearly demonstrated by Burgert et al.
[61,62]. In 392 obese adolescents, elevated alanine aminotransferases (ALT) (>35 U/L) levels
were found in 14% of participants, with a predominance of White/Hispanic. After adjusting
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for potential confounders, rising ALT levels were associated with deterioration in insulin
sensitivity and glucose tolerance, as well as increasing FFA and TG levels. Furthermore, in‐
creased hepatic fat accumulation was found in 32% of obese adolescents and was associated
with decreased insulin sensitivity and increased lipid levels and visceral fat [61]. These re‐
sults demonstrate that in obese children and adolescents, hepatic fat accumulation is associ‐
ated with insulin resistance, dyslipidemia and altered glucose metabolism.

In addition, the Korean National Health and Nutrition Examination Survey found partici‐
pants aged 10 – 19 years with three or more risk factors for MetS had an odds ratio that of
6.2 (95 % CI 2.3 – 16.8) for an elevated serum ALT, which they used as an indicator of fatty
liver [62]. Furthermore, a case – control study of overweight children with biopsy-proven
NAFLD and age-, sex-, and obesity-matched controls found that children with NAFLD were
significantly more likely to have MetS than obese controls without evidence of fatty liver
disease [9].

More recently, in a large histology-based study conducted in children with NAFLD [63],
MetS was diagnosed in 25.6 % of the subjects, with central obesity and hypertension being
the most common of the MetS features observed. In addition, a diagnosis of MetS was pre‐
dictive of steatosis severity, NASH, hepatocellular ballooning and NAFLD pattern [63].

In a recent study by our group [64], we assessed the role of liver steatosis in defining MetS
in prepubertal children. The prevalence of the MetS was around 14% and increased to 20%
when liver steatosis was included as an additional diagnostic criterion. These findings un‐
derline not only the relevance of the MetS even among prepubertal children but also empha‐
size the potential importance of testing for fatty liver as a component of the MetS already in
this age group [64] (figure 1).

Figure 1. Prevalence of components of the MetS among obese prepubertal children [64].(TG, triglycerides; HDL-C,
high density lipoprotein cholesterol; IGT, impaired glucose tolerance; NAFLD, non alcoholic fatty liver disease)
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NAFLD in youth may be considered not only a strong risk factor for MetS, but also for T2D
[36]. In a cohort of 118 obese adolescents [36] stratifyied according to tertiles of hepatic fat
content (as assessed by fat gradient MRI), independently of obesity, the severity of fatty liv‐
er was associated with the presence of prediabetes [impaired glucose tolerance (IGT) and
impaired fasting glucose (IFG)/IGT]. In fact, paralleling the severity of hepatic steatosis,
there was a significant decrease in insulin sensitivity and impairment in β-cell function, as
indicated by the fall in the disposition index (DI). Furthermore, paralleling the severity of
fatty liver, there was a significant increase in the prevalence of MetS, suggesting that hepatic
steatosis may probably be a predictive factor of MetS in children [36].

The important role of intrahepatic fat content in the development of metabolic complications
in obese subject has been recently underlined by Fabbrini et al. [15]. The authors showed
that in adults with high IHTF insulin action in liver, skeletal muscle and adipose tissue was
impaired and hepatic VLDL-TG secretion rate was increased. In contrast, they were not able
to observe these metabolic alterations in subjects with high visceral fat volume and matched
for IHTF. Therefore, the authors demonstrated that IHTF and not visceral fat is a better
marker of metabolic derangements associated with obesity [15,16].

4.2. NAFLD and cardiovascular disease

Recent evidences suggests that individuals with NAFLD are also at high risk for coronary
heart disease [3,43]. In adults, elevated serum ALT have been associated with increased risk
of cardiovascular and all cause mortality (in addition to liver mortality) [3,65].

A study in Turkish children [66] showed that carotid artery intima-media thickness is signif‐
icantly higher in obese children with fatty liver than in obese children without fatty liver or
normal weight control.

In addition, Pacifico et al. [67] reported that carotid artery intima-media thickness was high‐
est in obese children with echogenic liver and severity of liver fat was an independent pre‐
dictor of intima-media thickness after adjustment for known cardiovascular factors.

However, given the lack of long-term longitudinal cohort studies in pediatric fatty liver dis‐
ease, the relationship between the natural history of the disease and the actual risk for future
cardiac events is unclear.

5. Conclusions

The prevalence of fatty liver disease is increasing in obese children and adolescence.

Although the exact pathogenetic mechanism is still unclear, there is an urgent need to screen
obese children for this pathology. A misdiagnosis of fatty liver could represent a serious risk
factor for the development of its associated metabolic and cardiovascular complications dur‐
ing childhood and for exacerbated metabolic abnormalities later in life.
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1. Introduction

Testosterone exerts significant effect on muscle cells, and abnormalities of plasma concentra‐
tions can cause both skeletal muscle and cardiovascular diseases. Low levels are known to
be associated with hypogonadism and have recently been linked to sarcopenia and metabol‐
ic syndrome; high levels are associated with hypertrophy. However, most evidence of the
link between testosterone and metabolic actions is observational. Studies targeted to estab‐
lish the mechanisms for such effects at the cell level and their correlation with in vivo models
will broaden our understanding of the role played by these male steroid hormones in the
pathophysiology of muscular and metabolic diseases.

1.1. Physiology of the androgens

Anabolic/androgenic steroid hormones are part of the male reproductive endocrine axis.
Androgens are the male sex hormones responsible for development of the male reproduc‐
tive system. Testosterone is the main androgen circulating in the blood and it is secreted
from the testes, while other androgens, such as androstenedione and dehydroepiandroste‐
nedione (DHEA) come mainly from the adrenal gland. In some tissues the androgen actions
require that testosterone can be converted to dihydrotestosterone by action of 5α-reductase,
and in other tissues, including adipose tissue, testosterone can also be converted into estra‐
diol by aromatization of the androgen ring.

Endocrine actions of testosterone are under control of the hypothalamus-pituitary-gonad ax‐
is. The hypothalamus secretes gonadotropin-releasing hormone (GnRH), which stimulates
the secretion of luteinizing hormone (LH) from the anterior pituitary (adenohypophysis). In

© 2013 Basualto-Alarcón et al.; licensee InTech. This is an open access article distributed under the terms of
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pathophysiology of muscular and metabolic diseases.

1.1. Physiology of the androgens

Anabolic/androgenic steroid hormones are part of the male reproductive endocrine axis.
Androgens are the male sex hormones responsible for development of the male reproduc‐
tive system. Testosterone is the main androgen circulating in the blood and it is secreted
from the testes, while other androgens, such as androstenedione and dehydroepiandroste‐
nedione (DHEA) come mainly from the adrenal gland. In some tissues the androgen actions
require that testosterone can be converted to dihydrotestosterone by action of 5α-reductase,
and in other tissues, including adipose tissue, testosterone can also be converted into estra‐
diol by aromatization of the androgen ring.

Endocrine actions of testosterone are under control of the hypothalamus-pituitary-gonad ax‐
is. The hypothalamus secretes gonadotropin-releasing hormone (GnRH), which stimulates
the secretion of luteinizing hormone (LH) from the anterior pituitary (adenohypophysis). In
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the Leydig cells of the testes, the binding of LH to its receptor activates the uptake of circu‐
lating cholesterol, the steroid precursor for biosynthesis of all androgens. In the last step of
testosterone biosynthesis, androstenedione is converted to testosterone, which is the main
secreted component (95% of circulating androgens). In some cases testosterone acts directly
on the cells of the target organ, but in others the active hormone is formed within the cells of
the target organ by reduction of testosterone at position 5 of the steroid ring to yield the
more active dihydrotestosterone. Androgens are responsible for primary and secondary sex‐
ual characteristics in men and also for the development of skeletal muscle mass and
strength, erythropoiesis, and bone density, amongst other functions.

The divergent effects that androgens have between the sexes can be explained by differences
in concentration, metabolism, and receptor expression. Male sex hormones are also known
to fluctuate along the day and throughout life. Testosterone levels are usually low in males
before puberty. However, after puberty, the testosterone level increases and reaches its peak
around the age of 20–25 in men. As aging occurs, testosterone levels decline.

From total circulating levels of testosterone, only the free fraction of testosterone, the part
dissolved in the plasma, is biologically active. In blood, free circulating testosterone is
around a 2%, while the rest of the hormone is bound in different proportions to sex hor‐
mone binding globulin (SHBG) and albumin. However, the bio-available bound testosterone
can be released on demand, as the albumin binding is weak. Thus, a higher apparent con‐
centration of free testosterone is available to act in specific tissues.

The androgens have a variety of peripheral actions. They are anabolic throughout the body.
That is, they stimulate protein synthesis. It is for this reason that the male body composition
is generally larger and more muscular than the female. Androgen axis alterations are due
mainly to deficiency or excess of testosterone, and the final effect will depend on whether
the imbalance occurs before or after puberty. Before puberty, it can lead to delayed activa‐
tion or never reached puberty (hypogonadism). If in excess, the hormone will have the op‐
posite effect promoting early puberty accompanied by growth problems characterized by
bone epiphysis alterations. Testosterone deficiency during embryonic development will con‐
dition a feminization of the external genitalia in men. After puberty, given the role of the
male sex hormone on spermatogenesis, testosterone deficiency can induce infertility. Exoge‐
nously induced elevated testosterone concentrations cause hypertrophy in several tissues,
with the effects on skeletal and cardiac muscle being critical.

In men, plasma testosterone concentrations range from 300 to 1000 ng/dL, whereas in women
circulating levels of testosterone are about 10% of those observed in men [2, 3]. The body com‐
position of men is regulated by testosterone concentrations [4, 5]. Pharmacological suppres‐
sion of endogenous testosterone levels in healthy young subjects increased fat mass and
decreased fat free mass and protein synthesis in muscle, suggesting a direct effect of andro‐
gens on body metabolism of lipids and proteins [6]. Healthy young subjects suppressed of en‐
dogenous testosterone levels and supplemented with different testosterone doses (from 25 mg
to 600 mg testosterone enanthate/week) for 20 weeks increased the volume of the quadriceps
muscle in a dose dependent manner, as determined by nuclear magnetic resonance. At the his‐
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tological level, this increase was explained by an increase in the area of type I and II muscle fi‐
bers [7]. In bone tissue, testosterone deficiency is associated with decreased bone density with
increasing tissue turnover markers. Thus, hormone replacement therapy in patients with hy‐
pogonadism has been established as effective to increase bone density [5]. Although testoster‐
one and its derivatives are well known for their androgenic properties and anabolic effects, so
far the effects of androgens on muscle remain incompletely understood.

1.2. Androgen mechanisms of action

Androgens exert most of their effects through direct binding to specific intracellular recep‐
tors acting as transcriptional activators [8]. Intracellular androgen receptors have been de‐
scribed in skeletal and cardiac muscle cells in addition to other tissues [9, 10]. The
intracellular receptor mediates the “classic” genomic response to testosterone and is charac‐
terized as a 110-kDa protein with domains for androgen binding, nuclear localization, DNA
binding, and transactivation. The conserved domain structure has 3 major functional re‐
gions, an NH-terminal transactivation domain, a centrally located DNA binding domain
(DBD), and a COOH-terminal hormone-binding domain (HBD). The COOH-terminus con‐
tains an additional activation domain and a hinge region connecting the HBD and the DBD.
Upon ligand binding, the nuclear receptors translocate to the nucleus, where they dimerize
and bind to regulatory DNA sequences on target genes to either activate or repress tran‐
scription [11]. These effects are slow, with a latency period before onset, but they are also
long lasting, remaining active for several hours after hormone stimulation. Several co-regu‐
latory proteins that bind and regulate the activity of receptors have been identified. These
include both co-activators that positively regulate transcriptional effects of intracellular re‐
ceptors after ligand binding and co-repressors that negatively regulate receptor activity. In
addition to this transcriptional or genomic mode of action, increasing evidence suggests that
androgens can exert rapid, non-genomic effects. The time course of these responses is not
compatible with the classic genomic mechanism for the action of steroids, since they have a
rapid onset without an apparent latency period. Common to these early effects is a fast in‐
crease in intracellular Ca2+ and activation of Ca2+-dependent pathways and second messen‐
ger cascades [12, 13]. Second messenger induction by non-genomic steroid action is
insensitive to inhibitors of either transcription or translation. Little is known about these
non-genomic effects in cardiac and skeletal muscle cells other than the generation of differ‐
ent patterns of Ca2+ signals and also the activation of complementary Ca2+-dependent path‐
ways involved in these responses. An interesting hypothesis is that these second messenger
cascades may ultimately serve to modulate the transcriptional activity of the intracellular
androgen receptor and its associated global response [14-16].

2. Musculoskeletal conditions related to androgens

Emerging syndromes and new approaches to classic diseases are now being linked to andro‐
gens. The androgen-associated diseases that will be discussed in this section include hypo‐
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gonadism of the elderly (late onset hypogonadism [LOH]), sarcopenia, and the “metabolic
syndrome.” The interrelation between these diseases and decreased androgen levels is com‐
plex in the sense that these diseases are not only androgen dependent but that many other
factors intervene in their development. Figure 1 shows the relationship between each of
these diseases with the others, demonstrating that they are not “pure” androgen-dependent
syndromes. With exception of LOH, which has implicit the concept of low androgen levels,
neither sarcopenia nor metabolic syndrome are solely androgen-dependent diseases. It is
important to bear this characteristic in mind when considering sarcopenia and metabolic
syndrome, as there are numerous causes that may be behind the same clinical presentation.
Further, the role of each of the hypothesized components may be very different from one
patient to the other. The fourth disease that will be discussed here is Kennedy’s disease, a
hereditary X-linked neurodegenerative disease that affects mainly the androgen receptor
function. In this sense, the pathophysiology of this disease is somewhat different from the 3
previously considered syndromes.

We will review the current definition of each syndrome, the epidemiology, the pathophysi‐
ology, and the effects that testosterone supplementation has demonstrated upon the evolu‐
tion of the disease. After presenting these syndromes, we will highlight the differences
observed among clinical studies in relation to age of populations analyzed, type of study,
and expected outcome. This issue is important because it may affect the obtained results and
therefore the subsequent conclusions.

Figure 1. Clinical expression of 3 syndromes, their relationships, and androgen dependence. Each syndrome has
components of “pure” disease. Thus, certain components particular to metabolic syndrome are expressed without
muscle mass compromise (sarcopenia) or androgen levels decrease (LOH), although frequently, in association with the
common dependence of these diseases upon advanced age, the clinical picture will associate the presence of more
than 1 of these syndromes (i.e., metabolic syndrome plus sarcopenia). In another scenario, the expression of a disease,
for example, sarcopenia may have decreased androgen levels among its pathophysiologic determinants.
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2.1. Late onset hypogonadism (LOH)

Definition: Hypogonadism in the adult male can be considered as a syndrome, i.e., a con‐
stellation of signs and symptoms that collectively characterize a disease/disorder. Currently,
there are guidelines to the diagnosis and treatment of this emerging disorder. According to
these guidelines [17] the diagnosis of late onset hypogonadism (LOH) should be considered
in patients who complain of specific symptoms, mainly in the areas of sexual function (de‐
creased libido, impaired erectile function, shrinking testes), the musculoskeletal system
(muscle weakness, increased adiposity, low bone mineral density), and psychological symp‐
toms (depressed mood, decreased vitality, sleep disturbance). In these patients, a low morn‐
ing serum total testosterone level, measured on 2 different occasions, will confirm the
diagnosis of LOH [17, 18]. Wu et al. (2010) [19] conducted a study to establish criteria to
more accurately diagnose LOH in the clinical setting. They look for the presence of charac‐
teristic symptoms that could help to reach an accurate diagnosis of LOH. After evaluating
3369 men in a cross-sectional study along with data obtained from questionnaires and a sin‐
gle testosterone measurement, the authors came to the conclusion that the combination of at
least 3 sexual symptoms and decreased testosterone levels would make the diagnosis of
LOH more accurate.

The normal reference levels for total testosterone in adult males vary from 300–1000 ng/dL.
Morning levels (before 10 AM) below 250 ng/dL will make the diagnosis highly probable. A
second total testosterone measurement is required to confirm the diagnosis. These tests
should generally be followed by studies that help in determining the anatomical level of the
endocrine failure, in order to confirm the cause of hypogonadism (primary, secondary, or
mixed) [19, 20].

Epidemiology: According to the definition of Wu et al. (2010), the actual prevalence of LOH
is 2.1% in a random population sample from Europe in men aged 40 to 79 years. The preva‐
lence increased with increasing age of the participants, ranging from 0.1% in men aged 40 to
49 years to 5.1% in men 70 to 79 years of age [19]. Another study carried out in Boston, USA,
used slightly different symptoms to define symptomatic hypogonadism. This study indicat‐
ed an overall prevalence of symptomatic hypogonadism of 5.6%, showing an increased
prevalence of 18.4% in men in their 70s [21]. A study performed in Hong Kong established a
prevalence of 9.5%. As in the above-cited studies, an increase in the prevalence of hypogo‐
nadism was seen with increasing age of patients. Other conclusions that can be obtained
from the epidemiological studies are that hypogonadism starts as early as the fourth decade,
and that the presence of comorbid conditions (such as type 2 diabetes mellitus and cardio‐
vascular diseases) also increases the prevalence of this syndrome [18].

Pathophysiology: Mean values of testosterone levels have declined in 75 year old men to ap‐
proximately two-thirds of the values seen in young males [22]. Cross sectional and longitudi‐
nal studies have confirmed the observation that testosterone levels decline with age [18, 23-25],
and that general health status plays a crucial role in arresting the fall of plasma testosterone.
The time of blood sampling also affects the testosterone level, and the slope of the relationship
between testosterone and aging [26, 27]. It was shown in healthy North-American men that tes‐
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tosterone decreased progressively at a rate that did not vary significantly with age from the
third to the ninth decades. In this study, the magnitude of the decrease in total testosterone was
3.2 ng/dL per year, similar to other studies [23]. Other investigators reported a decrease of 0.8%
per year in total testosterone levels (cross-sectionally) in a population of men ranging from 40–
70 years [26]. Free and albumin-bound testosterone decreased at 2% per year, whereas SHBG
tended to increase at 1.6% per year. These changes tend to include a shift toward inactive
bound testosterone vs free bioavailable testosterone [24, 26].

The mechanisms behind this age-associated decline in male hormone levels are still unclear.
Various alterations have been described in the elderly men that can lead to LOH. The main
points where the physiology of androgens has been found to be affected by age are the
testes, the hypothalamus, and the transport protein, SHBG. Primary testicular changes play
an important role in age-associated testosterone decline. Leydig cells in the elderly have
demonstrated a reduced secretory capacity in response to stimulation with recombinant LH
[28]. This decrease has been related to a reduction in the number of Leydig cells. In addition
to the decline in testicular reserve seen in the elderly, an altered neuroendocrine regulation,
mainly at a hypothalamic level, has been suggested. Moderate increases of basal gonadotro‐
pin levels have been observed in response to the decline in testosterone levels, but not all
studies agree with this observation [22]. The increases in GnRH as well as LH are thought to
be abnormally low in response to the testosterone decline induced by the aforementioned
Leydig cell alterations, implying a failure at some point in the neuroendocrine axis. It has
been shown that the anterior pituitary has a preserved LH response to exogenous pulsate
GnRH stimulation [28], suggesting, in line with other studies, the role played by the hypo‐
thalamus and the deficit of GnRH. Finally, increases in SHBG binding capacity have also
been related to LOH. This change would result in an even greater decrease of free and bioa‐
vailable (albumin-bound) testosterone levels. The cause for this increase in SHBG binding
capacity is still unknown.

In conclusion, testosterone decline in the elderly appears to have multiple causes, involving
the testicular, hypothalamic, and transport levels. These alterations may be present in differ‐
ent proportions in different patients, making LOH a difficult syndrome both to understand
and to treat.

Considerations for testosterone administration: The ability to diagnose hypogonadism
with increasing accuracy does not mean that the decision of which patients to treat, how to
treat them, and for how long, will be easy. Probably, because of the lack of long-term longi‐
tudinal studies that prove the safety of testosterone treatment, there is some degree of agree‐
ment not to reach supra-physiological levels with testosterone supplementation. This
method of testosterone replacement therapy, in non-pharmacological doses, is presently ac‐
cepted as a treatment for men diagnosed with LOH. Assuming that a correct diagnosis of
hypogonadism has been made, following the above-mentioned guidelines, the choice of
whom to treat should be clearer. Next, in the process of treating LOH, it is important to bear
in mind the desired outcomes of androgen supplementation, i.e., whether to look only for
normalization of plasma testosterone levels or also for prevention or amelioration of gener‐
ally associated conditions such as osteoporosis and frailty, among others. Testosterone ad‐
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ministration to elderly men has been shown to induce beneficial effects on bone, muscle,
heart, blood vessels, and mood. The problem is that many of these studies have been unable
to demonstrate significant changes in endpoints such as functionality, independence, risk of
fractures, etc. Furthermore, in earlier studies about testosterone supplementation, not only
“pure” hypo-androgenic men were enrolled to participate, but also men with low-normal
testosterone levels, which may have altered the final results. The risks associated with tes‐
tosterone supplementation are an important issue influencing the decision to treat or not to
treat. The development of polycythemia is a common complication of androgen therapy. It
has been observed that hematocrit invariably increases with testosterone administration,
and that this complication is the most frequent reason for the discontinuation of therapy [24,
29]. Concerning the cardiovascular risks, a recent study conducted in elderly patients with
mobility limitations was terminated early because of an increase in the number of adverse
cardiovascular events in the testosterone treated group [30]. However, a meta-analysis of
randomized controlled trials that included 19 studies showed that there were no statistical
differences between placebo and treated groups in relation to cardiovascular events [29].
One of the hypothesis to explain the increased cardiovascular risk is that exogenous testos‐
terone can shift plasma lipids to a pro-atherogenic state [24], and another meta-analysis [4]
that examined 29 randomized controlled trials showed a significant decrease in total choles‐
terol values that was more pronounced in hypogonadal men along with a reduction in
HDL-cholesterol (HDL-C) that was detectable only in study populations with higher pre‐
treatment testosterone concentrations. This effect was dependent on the formulation of tes‐
tosterone used.

Finally, one of the most recognized concerns about testosterone replacement therapy is the
risk of developing prostate cancer. It has long been postulated that exogenous androgens
can have a causative role in prostate cancer. On the other hand, androgen deprivation thera‐
py has demonstrated a clear role for endogenous androgens in an already settled prostatic
cancer. Therefore, the question remains open whether subclinical, “occult,” prostatic lesions
could develop into a neoplasia due to exogenous androgen administration. At the level of
the prostate tissue, 6 months of testosterone replacement therapy in men with LOH showed
no differences with placebo when considering prostate histology, tissue biomarkers, gene
expression, and incidence or severity of prostate cancer [31]. Other studies that analyzed the
association between testosterone treatment and prostate cancer did not find convincing evi‐
dence for this relationship [32, 33]. Nevertheless a meta-analysis [29] has shown a higher
risk of detection of prostate events (incidence of prostate cancer, elevated prostatic-specific
antigen, prostate biopsies) and increases in International Prostate Symptom Score (IPSS) in
treated vs placebo groups.

In conclusion, benefits of testosterone replacement in LOH men have been established, but
functional studies that demonstrate a significant improvement in large population samples are
scarce and clinical studies of the risks of testosterone replacement therapy are still contradicto‐
ry. Larger longitudinal, randomized placebo controlled studies are needed to draw definitive
conclusions. At present, treatment is recommended for men diagnosed with LOH with appro‐
priate monitoring of the prostate and the cardiovascular and hematological systems.
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been shown that the anterior pituitary has a preserved LH response to exogenous pulsate
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capacity is still unknown.
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and to treat.

Considerations for testosterone administration: The ability to diagnose hypogonadism
with increasing accuracy does not mean that the decision of which patients to treat, how to
treat them, and for how long, will be easy. Probably, because of the lack of long-term longi‐
tudinal studies that prove the safety of testosterone treatment, there is some degree of agree‐
ment not to reach supra-physiological levels with testosterone supplementation. This
method of testosterone replacement therapy, in non-pharmacological doses, is presently ac‐
cepted as a treatment for men diagnosed with LOH. Assuming that a correct diagnosis of
hypogonadism has been made, following the above-mentioned guidelines, the choice of
whom to treat should be clearer. Next, in the process of treating LOH, it is important to bear
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normalization of plasma testosterone levels or also for prevention or amelioration of gener‐
ally associated conditions such as osteoporosis and frailty, among others. Testosterone ad‐
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ministration to elderly men has been shown to induce beneficial effects on bone, muscle,
heart, blood vessels, and mood. The problem is that many of these studies have been unable
to demonstrate significant changes in endpoints such as functionality, independence, risk of
fractures, etc. Furthermore, in earlier studies about testosterone supplementation, not only
“pure” hypo-androgenic men were enrolled to participate, but also men with low-normal
testosterone levels, which may have altered the final results. The risks associated with tes‐
tosterone supplementation are an important issue influencing the decision to treat or not to
treat. The development of polycythemia is a common complication of androgen therapy. It
has been observed that hematocrit invariably increases with testosterone administration,
and that this complication is the most frequent reason for the discontinuation of therapy [24,
29]. Concerning the cardiovascular risks, a recent study conducted in elderly patients with
mobility limitations was terminated early because of an increase in the number of adverse
cardiovascular events in the testosterone treated group [30]. However, a meta-analysis of
randomized controlled trials that included 19 studies showed that there were no statistical
differences between placebo and treated groups in relation to cardiovascular events [29].
One of the hypothesis to explain the increased cardiovascular risk is that exogenous testos‐
terone can shift plasma lipids to a pro-atherogenic state [24], and another meta-analysis [4]
that examined 29 randomized controlled trials showed a significant decrease in total choles‐
terol values that was more pronounced in hypogonadal men along with a reduction in
HDL-cholesterol (HDL-C) that was detectable only in study populations with higher pre‐
treatment testosterone concentrations. This effect was dependent on the formulation of tes‐
tosterone used.

Finally, one of the most recognized concerns about testosterone replacement therapy is the
risk of developing prostate cancer. It has long been postulated that exogenous androgens
can have a causative role in prostate cancer. On the other hand, androgen deprivation thera‐
py has demonstrated a clear role for endogenous androgens in an already settled prostatic
cancer. Therefore, the question remains open whether subclinical, “occult,” prostatic lesions
could develop into a neoplasia due to exogenous androgen administration. At the level of
the prostate tissue, 6 months of testosterone replacement therapy in men with LOH showed
no differences with placebo when considering prostate histology, tissue biomarkers, gene
expression, and incidence or severity of prostate cancer [31]. Other studies that analyzed the
association between testosterone treatment and prostate cancer did not find convincing evi‐
dence for this relationship [32, 33]. Nevertheless a meta-analysis [29] has shown a higher
risk of detection of prostate events (incidence of prostate cancer, elevated prostatic-specific
antigen, prostate biopsies) and increases in International Prostate Symptom Score (IPSS) in
treated vs placebo groups.

In conclusion, benefits of testosterone replacement in LOH men have been established, but
functional studies that demonstrate a significant improvement in large population samples are
scarce and clinical studies of the risks of testosterone replacement therapy are still contradicto‐
ry. Larger longitudinal, randomized placebo controlled studies are needed to draw definitive
conclusions. At present, treatment is recommended for men diagnosed with LOH with appro‐
priate monitoring of the prostate and the cardiovascular and hematological systems.
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2.2. Sarcopenia

Definition: This term was proposed in 1989 by Irwin Rosenberg to describe a multifactorial
syndrome that occurs with age and results in a loss of skeletal muscle mass and function
[34]. The Greek word “sarx” means flesh, and “penia” means loss, suggesting with this
name the principal organ and function targeted by this syndrome [35]. In 2010, a European
Consensus definition and diagnosis of sarcopenia stated that sarcopenia is a syndrome char‐
acterized by progressive and generalized loss of skeletal muscle mass and strength, with the
risk of adverse outcomes including physical disability, poor quality of life, and death. This
working group also recommended criteria for the diagnosis of sarcopenia and highlighted
the need to confirm low skeletal muscle mass to make the diagnosis [36].

Epidemiology: Janssen et al. [37] conducted a study to establish reference parameters for to‐
tal and regional skeletal muscle mass in men and women between 18 and 88 years old. They
studied 468 healthy men and women using magnetic resonance imaging, and confirmed
previous reports indicating that there are gender differences for regional and whole body
muscle mass. Skeletal muscle mass relative to body weight was 38% in men and 31% in
women. In relation to muscle distribution, the differences were greater for skeletal muscle
mass in the upper body (40% less muscle in women) than in the lower body (33% less mus‐
cle). In this population, the loss of muscle mass with age began in the fifth decade (45 years),
a finding that agrees with other observations such as fiber cross sectional area and isometric
and isokinetic strength, which are reported to change substantially only after 45 years of
age. Due to the recent evolution of sarcopenia as a recognizable syndrome, there is still not
much agreement in relation to its prevalence in aging populations [38, 39]. Baumgartner et
al. [34], based on a definition of sarcopenia as appendicular skeletal muscle mass <2 stand‐
ard deviations below the sex-specific young-normal mean for estimates of skeletal muscle
mass, found a prevalence of sarcopenia of 24.1% in Hispanic women and 23.1% in non-His‐
panic white women aged <70 years. The prevalence in men <70 years old was lower, with
16.9% in Hispanic men and 13.5% in non-Hispanic white men. Another study [39], conduct‐
ed to confirm the sarcopenia rates reported by Baumgartner et al. [34], used body muscle
mass measurements and reported a prevalence of sarcopenia of 22.6% in women and 26.8%
in men ≥65 years. A more recent study [38] conducted in Spain evaluated healthy elderly
participants aged >70 years. The observed prevalence of sarcopenia was 33% in women and
10% in men, differing from those described in the USA and other geographical areas. Ethnic‐
ity as well as other characteristics, such as health status and age, could explain these ob‐
served differences.

The prevalence of sarcopenia generally increases with age. Baumgartner et al. [34] observed
an increase in the prevalence of sarcopenia after 80 years that reached >50% of individuals.
Iannuzzi-Sucich et al. [39] also described an increase in the prevalence of sarcopenia in a
subgroup of the studied population (80 years or older), reaching 31% in women and 52.9%
in men. In reference to the relationship between testosterone levels and physical perform‐
ance in older men, the Framingham Offspring study [40] described a significant association
between serum free testosterone levels, walking speed, and short performance physical bat‐
tery (SPPB) results. Men with low baseline free testosterone had 57% higher odds of report‐
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ing incident mobility limitation and 68% higher odds of worsening mobility limitations.
Total testosterone and SHBG were not significantly associated with mobility limitation, sub‐
jective health, or physical performance measures.

The prevalence of sarcopenia varies from one study to another and these differences can be
explained by different definitions of sarcopenia, differences in the studied populations and
their reference (control) populations, sample sizes, and methods used to measure skeletal
muscle mass. The unification of criteria to diagnose sarcopenia as well as the methods used
to assess it will certainly aid in a better knowledge of the prevalence of this syndrome.

Pathophysiology: Another unresolved issue of sarcopenia is the pathophysiology of this
syndrome. Because aging affects multiple organs, sarcopenia has been proposed to be the
result of a multifactorial process affecting muscle, motor units, inflammatory cytokines, ana‐
bolic hormones, and nutritional intake in the elderly [41, 42].

Muscle mass is determined by a balance between protein synthesis and breakdown. It has
been established that with advancing age, there is a decrease in whole body protein turn‐
over [43]. In contrast to what happens in cachexia, where both skeletal muscle mass and fat
mass are decreased, in the elderly the loss of muscle mass is accompanied by gains in fat
mass [44]. Examination of the synthesis rate of particular proteins in skeletal muscle has
shown that there is a particular synthesis rate, at least for each cell compartment in the skel‐
etal muscle. The synthesis rate of mitochondrial and myosin heavy chain (MHC) proteins
declines with age, whereas the synthesis rate of the sarcoplasmic protein pool was un‐
changed [43]. Ferrington et al. (1998) [45] have shown changes in other key skeletal muscle
compartments, such as the sarcoplasmic reticulum, in aged rats. The turnover rate of SERCA
pumps and ryanodine receptors decreased, whereas calsequestrin showed no changes. Stud‐
ies about other key contractile elements in aging muscle, such as the α-actin protein, are re‐
cently available [46], and it was shown that in the vastus lateralis muscles of middle-aged vs
elderly individuals, an isoform switch occurred with a decrease in skeletal muscle α-actin
and an increase in the cardiac isoform of α-actin. This change is in accordance with the idea
of a fast-to-slow transformation process during aging in the skeletal muscle. In other atro‐
phy models, such as prolonged bed rest, the loss of thin contractile filaments (actin) was
larger than that of thick contractile filaments (myosin) [47].

In addition to changes in skeletal muscle mass, there are changes in the motor units inner‐
vating the muscles. In humans, there is a decrease in the number of functional motor units
with age. These changes have been confirmed in aged rats, where a reduction in the number
of muscle fibers innervated per motor axon [41] was evident. These changes will lead to a
decreased skeletal muscle fiber/motor neuron interaction that can further explain the decline
in coordinated muscle action.

Other elements involved in the development of sarcopenia may be the loss of anabolic fac‐
tors including neural growth factors, growth hormone, androgens and estrogens, and physi‐
cal activity. An increase in oxidative stress and inflammatory cytokines such as interleukin 6
(IL-6) and tumor necrosis factor-α (TNF-α), and a decrease in food intake with aging have
also been implicated [41, 48]. Cross-sectional and longitudinal studies have demonstrated
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women. In relation to muscle distribution, the differences were greater for skeletal muscle
mass in the upper body (40% less muscle in women) than in the lower body (33% less mus‐
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a finding that agrees with other observations such as fiber cross sectional area and isometric
and isokinetic strength, which are reported to change substantially only after 45 years of
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much agreement in relation to its prevalence in aging populations [38, 39]. Baumgartner et
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mass measurements and reported a prevalence of sarcopenia of 22.6% in women and 26.8%
in men ≥65 years. A more recent study [38] conducted in Spain evaluated healthy elderly
participants aged >70 years. The observed prevalence of sarcopenia was 33% in women and
10% in men, differing from those described in the USA and other geographical areas. Ethnic‐
ity as well as other characteristics, such as health status and age, could explain these ob‐
served differences.

The prevalence of sarcopenia generally increases with age. Baumgartner et al. [34] observed
an increase in the prevalence of sarcopenia after 80 years that reached >50% of individuals.
Iannuzzi-Sucich et al. [39] also described an increase in the prevalence of sarcopenia in a
subgroup of the studied population (80 years or older), reaching 31% in women and 52.9%
in men. In reference to the relationship between testosterone levels and physical perform‐
ance in older men, the Framingham Offspring study [40] described a significant association
between serum free testosterone levels, walking speed, and short performance physical bat‐
tery (SPPB) results. Men with low baseline free testosterone had 57% higher odds of report‐
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ing incident mobility limitation and 68% higher odds of worsening mobility limitations.
Total testosterone and SHBG were not significantly associated with mobility limitation, sub‐
jective health, or physical performance measures.

The prevalence of sarcopenia varies from one study to another and these differences can be
explained by different definitions of sarcopenia, differences in the studied populations and
their reference (control) populations, sample sizes, and methods used to measure skeletal
muscle mass. The unification of criteria to diagnose sarcopenia as well as the methods used
to assess it will certainly aid in a better knowledge of the prevalence of this syndrome.

Pathophysiology: Another unresolved issue of sarcopenia is the pathophysiology of this
syndrome. Because aging affects multiple organs, sarcopenia has been proposed to be the
result of a multifactorial process affecting muscle, motor units, inflammatory cytokines, ana‐
bolic hormones, and nutritional intake in the elderly [41, 42].

Muscle mass is determined by a balance between protein synthesis and breakdown. It has
been established that with advancing age, there is a decrease in whole body protein turn‐
over [43]. In contrast to what happens in cachexia, where both skeletal muscle mass and fat
mass are decreased, in the elderly the loss of muscle mass is accompanied by gains in fat
mass [44]. Examination of the synthesis rate of particular proteins in skeletal muscle has
shown that there is a particular synthesis rate, at least for each cell compartment in the skel‐
etal muscle. The synthesis rate of mitochondrial and myosin heavy chain (MHC) proteins
declines with age, whereas the synthesis rate of the sarcoplasmic protein pool was un‐
changed [43]. Ferrington et al. (1998) [45] have shown changes in other key skeletal muscle
compartments, such as the sarcoplasmic reticulum, in aged rats. The turnover rate of SERCA
pumps and ryanodine receptors decreased, whereas calsequestrin showed no changes. Stud‐
ies about other key contractile elements in aging muscle, such as the α-actin protein, are re‐
cently available [46], and it was shown that in the vastus lateralis muscles of middle-aged vs
elderly individuals, an isoform switch occurred with a decrease in skeletal muscle α-actin
and an increase in the cardiac isoform of α-actin. This change is in accordance with the idea
of a fast-to-slow transformation process during aging in the skeletal muscle. In other atro‐
phy models, such as prolonged bed rest, the loss of thin contractile filaments (actin) was
larger than that of thick contractile filaments (myosin) [47].

In addition to changes in skeletal muscle mass, there are changes in the motor units inner‐
vating the muscles. In humans, there is a decrease in the number of functional motor units
with age. These changes have been confirmed in aged rats, where a reduction in the number
of muscle fibers innervated per motor axon [41] was evident. These changes will lead to a
decreased skeletal muscle fiber/motor neuron interaction that can further explain the decline
in coordinated muscle action.

Other elements involved in the development of sarcopenia may be the loss of anabolic fac‐
tors including neural growth factors, growth hormone, androgens and estrogens, and physi‐
cal activity. An increase in oxidative stress and inflammatory cytokines such as interleukin 6
(IL-6) and tumor necrosis factor-α (TNF-α), and a decrease in food intake with aging have
also been implicated [41, 48]. Cross-sectional and longitudinal studies have demonstrated
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that testosterone levels decrease with normal aging. Serum testosterone levels below the
lower limit of normal, has a prevalence of 5% in healthy young men, up to 20% in the sixth
decade, and increasing to 40–90% in men over 80 years [49]. Epidemiologic studies have
demonstrated a relationship between levels of bioavailable testosterone and fat-free mass as
well as muscle strength [49, 50]. These data correlated with physical performance tests. In
the Framingham Offspring Study, men with low baseline of free testosterone concentrations
showed a higher risk of incident or worsening mobility limitations [40]. In a study conduct‐
ed in healthy young men to further elucidate the role of testosterone in the maintenance of
skeletal muscle mass reported by Mauras et al. [6], a transient pharmacological hypogonad‐
ism was induced, decreasing fat-free mass, muscle strength, and fractional muscle protein
synthesis in the volunteers. Despite this evidence, there are other studies, mainly that by
Travison et al. [51], that have failed to show a clear association between testosterone concen‐
tration and physical function. This might be explained by certain aspects of the design of the
study, including the selection of a younger population, a basal high physical activity level,
mainly normal testosterone concentrations, and minimally demanding physical tests [50].

In short, testosterone has shown a tight association with skeletal muscle mass and a reasona‐
ble relationship with muscle strength, but no clear association with physical performance
[50, 52]. The pathophysiology of sarcopenia appears, in conclusion, to be explained in part
by intrinsic skeletal muscle changes associated with aging, but extrinsic causes also exist,
and there are factors that aid in the development of sarcopenia or influence the degree of the
attrition in skeletal muscle mass seen in the elderly.

Treatment options and impact of testosterone administration: Considering that protein
breakdown and muscle atrophy is the hallmark of sarcopenia, many interventions have
aimed to block the increased muscle catabolism seen in this syndrome. Among them, treat‐
ment with anabolic hormones, vitamin D, nutrition, and exercise have been studied. Contro‐
versial results have been obtained with all of the above-mentioned interventions, but 2 of
them, testosterone and exercise, have been more successful. As was the case in relation to
testosterone and the pathophysiology of sarcopenia, clinicians must discriminate between
the endpoints of the studies that supplement older men with testosterone. In fact, the action
of testosterone can be different when looking at muscle mass, strength, power, and whole-
body functional probes. The anabolic effect of testosterone in aging men tends to be similar
of that observed in young men but in a lesser extent. In general, studies have reported in‐
creases in lean body mass and decreases in fat mass, with varying responses concerning
strength. Some studies have reported changes in grip strength but no increases in lower
body strength [53, 54]. Others do report significant improvements in leg strength [49, 55].
Considering that sarcopenia is a syndrome that affects quality of life and risk of falls,
changes in leg strength must be a desirable effect of the selected treatment. The factors that
might lead to results showing little improvement in physical function after testosterone
treatment in elderly men remains to be investigated. Critical points that should be revisited
are basal testosterone levels of the selected population and testosterone concentrations
reached during androgen treatment. The rigor of the selected physical probes ideally will
present a real challenge in order to avoid an early ceiling effect on the sensitivity of the test.
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Physical activity is always associated with a general well being outcome that stimulates car‐
diovascular, respiratory, and skeletal muscle systems. Endurance and resistance exercise has
been shown to improve the rate of decline in muscle mass and strength that occurs with age,
although resistance exercise have proven to be more effective increasing muscle mass and
strength in older men [54]. There is controversy in the literature regarding the extent of the
muscle response induced by exercise in the elderly. Some authors indicate that resistance ex‐
ercise in older people produces smaller strength increases in absolute terms, but similar in
relative terms, to younger people [55]. On the other hand, similar increases in percent mus‐
cle strength were found in healthy older individuals and in young people in a prospective
investigation that also assessed changes at the satellite cell level following a heavy resistance
strength training period [56].

It seems that a key feature of skeletal muscle, its plasticity, is retained even in very old indi‐
viduals. Muscle cross sectional area, muscle strength, and physical performance have been
shown to improve in very old nursing home residents [57] and in community residents [58]
engaged in progressive resistance exercise training. The intensity of the resistance exercise
required to obtain positive changes is also still under debate. The majority of studies suggest
that a high intensity resistance exercise (70–90% of 1 repetition maximum) is needed in or‐
der to obtain the desired improvements in muscle mass and strength [59]. As little as 1 re‐
sistance training session per week has demonstrated positive strength changes [60]. This
recent issue may be an interesting point to explore in order to attract interest of more indi‐
viduals to participate in strength training programs that will aid in the prevention and treat‐
ment of sarcopenia.

In conclusion, understanding sarcopenia as a multifactorial syndrome also involves the poten‐
tial discovery of a great number of therapeutic targets. So far, testosterone, but more clearly,
exercise, have been the more successful therapeutic options. More studies with the newest
therapies and/or improved exercise and hormone replacement therapies should be performed
in order to gain advances against this quality of life (QOL)-threatening syndrome.

2.3. Metabolic syndrome

Definition: Metabolic syndrome is the collection of a number of metabolic abnormalities
that lead to increased risk of cardiovascular disease and diabetes mellitus (DM) [61]. The
definition of metabolic syndrome varies among international consensus groups. Four
groups have proposed diagnostic criteria, the World Health Organization (WHO), the Study
Group for Insulin Resistance (EGIR), the National Cholesterol Education Program Adult
Treatment Panel III (NCEP ATP III), and the International Diabetes Federation (IDF). In gen‐
eral, all of these groups maintain similar criteria, but differ in their measurements and cut
off points. The IDF and NCEP ATP III are currently the most used. The latter requires the
presence of at least 3 of the following 5 criteria for diagnosis: central obesity, elevated trigly‐
cerides, low HDL cholesterol (HDL-C), hypertension, and impaired fasting glucose (greater
than 110 mg/dL), without categories among the factors. Subsequently, the American Heart
Association/National Heart, Lung, and Blood Institute (AHA/NHLBI) suggested consider‐
ing 100 mg/dL as the cut off for glucose, while the International Diabetes Federation (IDF)
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established as a basic requirement the presence of central obesity confirmed by abdominal
circumference measurement [62, 63]. Despite the great diversity of clinical criteria for diag‐
nosing metabolic syndrome, the central issue is to recognize that its presence means an in‐
creased cardiovascular risk for the diagnosed patient, and to take action to counteract its
consequences.

Epidemiology: Depending on the criteria used, age, gender, and race, the prevalence of met‐
abolic syndrome varies markedly. However, the prevalence increases with age independent‐
ly of the other criteria used, and it is higher in males when using the criteria of the WHO
and EGIR. With the WHO criteria, the prevalence for men and women under 55 years is 14%
and 4%, respectively, and 31% and 20% in the older age [62, 63]. In United States, using
NCEP ATP III criteria, the overall prevalence is 24%, and increases directly with age and
body mass index. In young Americans ages 12 to 19 years the prevalence is 4.2%, and it ex‐
ceeds 40% by 65 to 69 years. A meta-analysis encompassing 172,573 patients concluded that
there is a risk of cardiovascular death that is significantly higher in people with metabolic
syndrome and that this is not only explained by its components separately [64].

Pathophysiology: Body fat is an important component of metabolic syndrome because adi‐
pose tissue is insulin-resistant in obesity, which increases free fatty acid (FFA) levels in the
plasma. This has a direct effect on insulin target organs including liver and muscle, through
specific actions that block the intracellular signaling of the insulin receptor. Moreover, in pa‐
tients with metabolic syndrome, the adipose tissue was predominantly abdominal and asso‐
ciated with increased visceral fat as compared with peripheral distribution. Adipocytes in
visceral fat are more metabolically active, releasing more FFA and inflammatory cytokines
that drain directly to the liver via the portal circulation. This phenomenon, known as lipo-
toxicity, will be responsible for insulin resistance in these organs and the pancreas and un‐
regulated high blood glucose. Lipo-toxicity also affects the cardiovascular system. In
addition, FFA are able to increase oxidative stress, encourage a pro-inflammatory environ‐
ment, and reduce systemic vascular reactivity, which are all factors negatively affecting car‐
diac cells. In association with these negative changes in adipose tissue, low testosterone
levels worsen the clinical setting in the metabolic syndrome. Decreased androgen levels are
associated with obesity, mainly with visceral fat accumulation. Epidemiological studies
have demonstrated statistically significant correlations between plasma levels of testoster‐
one and adipose tissue distribution, insulin sensitivity, lipoprotein metabolism, and the he‐
mostatic system, among others. All of these cardiovascular risk factors impact endothelial
function. It should be noted that these effects of testosterone vary according to sex and age.
In normal men, plasma testosterone levels are correlated directly with HDL-C and inversely
with triglycerides, LDL-cholesterol (LDL-C), fibrinogen, and plasminogen activator inhibitor
type 1 (PAI-1). In addition, testosterone levels have correlated inversely with body mass in‐
dex (BMI), waist circumference, visceral fat accumulation, insulin, and FFA. It is postulated
that in men, low testosterone becomes a new element of the metabolic syndrome [61, 65].

Testosterone regulates the deposition of triglycerides in the abdominal fat tissue by lipo‐
protein lipase enzymes and a hormone sensitive lipase. Testosterone has an anticoagulant
and profibrinolytic action, and by decreasing fibrinogen and PAI-1, it  also has a pro-ag‐
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gregatory effect  through decreased platelet  cyclooxygenase activity.  During eugonadism,
testosterone stimulates hormone-sensitive lipase and lipolysis.  Thus, in testosterone defi‐
ciency, lipolysis is inhibited, favoring the accumulation of adipose tissue [6], which is re‐
versed  by  testosterone  administration.  In  addition,  it  has  been  reported  that  in
hypogonadal patients, the deposition of visceral adipose tissue leads in turn to a further
decrease in testosterone concentrations via conversion to estradiol by the aromatase. This
leads to further abdominal fat deposition and a higher testosterone deficiency [4, 66].  In
parallel, hyperinsulinemia is associated with decreased SHBG production, which decreas‐
es plasma total testosterone [67]. To date, the question of whether hypogonadism influen‐
ces  insulin  resistance  by  increased  abdominal  obesity  or  whether  obesity  favors  the
reduction of  plasma testosterone concentrations is  still  debated.  However,  insulin resist‐
ance leads to increased risk factors including increased triglycerides, lower HDL, and pre‐
dominance of LDL-C. To these lipoprotein factors are added intolerance to carbohydrates,
high  blood  pressure,  and  pro-coagulant  and  antifibrinolytic  states  [68].  Clinical  studies
show that men exhibit higher susceptibility to atherosclerosis than pre-menopausal wom‐
en. The available data indicate that the evolution of atherosclerosis is more rapid in males,
independent of dyslipidemia or evidence of endothelial damage, than in females [69]. The
actual  evidence indicates  that  low androgen concentrations  are  strongly associated with
increases  in  cardiovascular  risks  including  atherogenic  lipid  profile,  insulin  resistance,
obesity, and metabolic syndrome [70, 71].

Impact of testosterone administration:  Clinical studies generally show that the effects of
exogenous  testosterone  on  cardiovascular  risk  factors  differ  considerably  depending  on
the dose, route of administration, and duration of treatment, as well as by age and condi‐
tion  of  the  patient.  The  findings  most  frequently  observed are  a  decrease  in  HDL-C,  a
slight decrease in LDL-C, with sustained stability of the relationship between them, and
moderation of  insulin resistance leading to a decrease in triglyceride levels  and visceral
fat  mass.  Other  less  marked  effects  of  androgen  therapy  are  reduced  levels  of  athero‐
thrombotic  lipoprotein  Lp(a)  and  fibrinogen.  According  to  current  evidence,  androgen
therapy  may  exert  beneficial  or  deleterious  effects  on  various  factors  involved  in  the
pathogenesis of atherosclerosis, and therefore further studies are required in order to de‐
termine optimal testosterone supplementation.

2.4. Considerations regarding clinical studies dealing with testosterone supplementation
in sarcopenia and metabolic syndrome

Figure 2 emphasizes some of the determinants that should be considered when analyzing
clinical studies working with androgen replacement therapy in sarcopenia and metabolic
syndrome. It is important to bear in mind the level of testosterone that is sought with the
proposed treatment and from this starting point, other important considerations must be
made, including age of the individuals, in order to place the conclusions in an adequate con‐
text according to the population seeking treatment.
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regulated high blood glucose. Lipo-toxicity also affects the cardiovascular system. In
addition, FFA are able to increase oxidative stress, encourage a pro-inflammatory environ‐
ment, and reduce systemic vascular reactivity, which are all factors negatively affecting car‐
diac cells. In association with these negative changes in adipose tissue, low testosterone
levels worsen the clinical setting in the metabolic syndrome. Decreased androgen levels are
associated with obesity, mainly with visceral fat accumulation. Epidemiological studies
have demonstrated statistically significant correlations between plasma levels of testoster‐
one and adipose tissue distribution, insulin sensitivity, lipoprotein metabolism, and the he‐
mostatic system, among others. All of these cardiovascular risk factors impact endothelial
function. It should be noted that these effects of testosterone vary according to sex and age.
In normal men, plasma testosterone levels are correlated directly with HDL-C and inversely
with triglycerides, LDL-cholesterol (LDL-C), fibrinogen, and plasminogen activator inhibitor
type 1 (PAI-1). In addition, testosterone levels have correlated inversely with body mass in‐
dex (BMI), waist circumference, visceral fat accumulation, insulin, and FFA. It is postulated
that in men, low testosterone becomes a new element of the metabolic syndrome [61, 65].

Testosterone regulates the deposition of triglycerides in the abdominal fat tissue by lipo‐
protein lipase enzymes and a hormone sensitive lipase. Testosterone has an anticoagulant
and profibrinolytic action, and by decreasing fibrinogen and PAI-1, it  also has a pro-ag‐
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the dose, route of administration, and duration of treatment, as well as by age and condi‐
tion  of  the  patient.  The  findings  most  frequently  observed are  a  decrease  in  HDL-C,  a
slight decrease in LDL-C, with sustained stability of the relationship between them, and
moderation of  insulin resistance leading to a decrease in triglyceride levels  and visceral
fat  mass.  Other  less  marked  effects  of  androgen  therapy  are  reduced  levels  of  athero‐
thrombotic  lipoprotein  Lp(a)  and  fibrinogen.  According  to  current  evidence,  androgen
therapy  may  exert  beneficial  or  deleterious  effects  on  various  factors  involved  in  the
pathogenesis of atherosclerosis, and therefore further studies are required in order to de‐
termine optimal testosterone supplementation.

2.4. Considerations regarding clinical studies dealing with testosterone supplementation
in sarcopenia and metabolic syndrome

Figure 2 emphasizes some of the determinants that should be considered when analyzing
clinical studies working with androgen replacement therapy in sarcopenia and metabolic
syndrome. It is important to bear in mind the level of testosterone that is sought with the
proposed treatment and from this starting point, other important considerations must be
made, including age of the individuals, in order to place the conclusions in an adequate con‐
text according to the population seeking treatment.
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Figure 2. Highlight of some key considerations in studies of testosterone supplementation for sarcopenia and meta‐
bolic syndrome. The process starts with the diagnosis of the disease. From this point, therapy will be initiated and vary‐
ing testosterone levels can be reached, normal, sub-, or supra-physiologic. Once in this condition, the type of study
and the age of the studied sample will influence the results. Most importantly, the expected outcome should be clear‐
ly stressed in order to avoid any ambiguity.

2.5. Spinal and bulbar muscular atrophy (Kennedy’s disease)

Definition: Spinal and bulbar muscular atrophy (SBMA), or Kennedy’s disease, is an infre‐
quent hereditary X-linked neurodegenerative disease that affects approximately 1/40,000 men,
typically from age 30 years [72, 73]. It is characterized by slow degeneration and loss of motor
neurons in the medulla and spinal cord [74, 75]. Patients exhibit progressive weakness, atro‐
phy of facial, bulbar, and limb muscles, sensory disturbances, and hyper-creatine kinase (hy‐
perCKemia),  together  with  signs  of  androgen  insensitivity  [76].  Heterozygous  and
homozygous females are asymptomatic [77, 78], and the latter may have a subclinical pheno‐
type [73]. The clinical signs are manifested initially as postural and perioral tremor, and prog‐
ress  to  proximal  or  distal  weakness  of  the  limbs,  dysarthria,  dysphagia,  hanging  jaw,
fasciculations, and muscle cramps [76, 79]. Muscle biopsies show changes associated with de‐
nervation, such as increased fiber size variability, atrophic fibers, and clumping of sarcolem‐
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mal nuclei and necrotic fibers [80, 81]. Nerve biopsy may show reduction of large myelinated
fibers [82]. The disease usually progresses irreversibly and most patients die of pneumonia as‐
sociated with dysphagia and disorders of the pharyngeal and laryngeal musculature, and
some may require mechanical ventilation during the course of the disease [74, 83].

Etiology: The disease is caused by the expansion of a polymorphic tandem repeat sequence
of the triplet CAG in exon 1 of the androgen receptor gene (AR) located on the X-chromo‐
some (locus Xq11–12). The normal number of repeats is 9 to 36 [84, 85] and in the case of
SBMA the number of repeats identified is 40 to 62 [85, 86]. The CAG encodes the amino acid
glutamine (Q), so that the AR is expressed with a polyglutamine (poliQ) sequence in the
amino terminal transactivation segment [87]. SBMA is considered 1 of the 9 hereditary poly‐
glutamine neurodegenerative diseases [75]. It has been shown that the greater number of re‐
peats in the polyglutamine sequence, the receptor activity is decreased. Thus, in SBMA the
AR has limited or null activity. This AR mutant resides in the cytoplasm as apoAR associat‐
ed with heat shock proteins (Hsps) and accessory proteins until it binds its ligand (testoster‐
one and dihydrotestosterone). The hormone binding induces the exposure of the bipartite
nuclear localization signal [88, 89] and translocation to the nucleus, where it is partially de‐
graded by nuclear proteasome [90]. The AR mutation is not able to bind coactivators and
corepressors, and its classical androgenic action is not performed [69]. The patient shows
signs of androgen insensitivity such as asymmetric gynecomastia, reduced fertility, testicu‐
lar atrophy, oligospermia, azoospermia, erectile dysfunction, and reduced libido or diabetes
[72]. The poli-Q expanded AR deregulates transcription by interfering with several tran‐
scriptional coregulators. The number of the repeats is negatively correlated with age disease
onset and directly with the severity and progression of the disease [72, 76].

Pathophysiology: The precise mechanism of the disease is still unknown, but there is grow‐
ing evidence that the poli-Q-expanded AR is not adequately degraded, resulting in the accu‐
mulation of fragments of the poli-Q amino terminal fragment [73, 91]. These are
accumulated in the nucleus of motor neurons, dorsal root ganglia, or visceral cells, and exert
toxic effects that cause dysfunction and loss of neurons [79, 88, 92]. Aggregation requires the
presence of androgens, migration of the mutated AR to the nucleus, and inhibition of gene
expression of essential factors for the viability of affected neurons [88]. Once it joins the li‐
gand, either testosterone or dihydrotestosterone (DHT), the poli-Q expanded AR migrates to
the nucleus and due to misfolding [84], does not perform its genomic functions in the andro‐
gen response elements (ARE), but instead forms nuclear aggregates [92]. The nuclear aggre‐
gates (neuronal intranuclear inclusions) contain fragments of mutated AR, ubiquitin
proteasome system (UPS) (ubiquitin and 19S and 20S proteasome core components), and
heat shock proteins (Hsp40, Hsp70 and Hsp90) [93]. Segments with poli-Q expansions form
antiparallel beta strands, and by hydrogen bonds the strands form a beta sheet structure, re‐
sulting in aggregation of these misfolded proteins as intranuclear inclusions, either as
oligomers or larger aggregates [94]. The mutated ARs in the nucleus undergo partial pro‐
teolysis due to misfolding, resulting in the production of truncated forms of the poli-Q-ex‐
panded AR oligomers. The accumulation of mutant AR aggregates is regarded as protective
[95, 96], while diffuse accumulation in the nucleus is considered toxic [92]. These aggregates
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and the age of the studied sample will influence the results. Most importantly, the expected outcome should be clear‐
ly stressed in order to avoid any ambiguity.
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Definition: Spinal and bulbar muscular atrophy (SBMA), or Kennedy’s disease, is an infre‐
quent hereditary X-linked neurodegenerative disease that affects approximately 1/40,000 men,
typically from age 30 years [72, 73]. It is characterized by slow degeneration and loss of motor
neurons in the medulla and spinal cord [74, 75]. Patients exhibit progressive weakness, atro‐
phy of facial, bulbar, and limb muscles, sensory disturbances, and hyper-creatine kinase (hy‐
perCKemia),  together  with  signs  of  androgen  insensitivity  [76].  Heterozygous  and
homozygous females are asymptomatic [77, 78], and the latter may have a subclinical pheno‐
type [73]. The clinical signs are manifested initially as postural and perioral tremor, and prog‐
ress  to  proximal  or  distal  weakness  of  the  limbs,  dysarthria,  dysphagia,  hanging  jaw,
fasciculations, and muscle cramps [76, 79]. Muscle biopsies show changes associated with de‐
nervation, such as increased fiber size variability, atrophic fibers, and clumping of sarcolem‐
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mal nuclei and necrotic fibers [80, 81]. Nerve biopsy may show reduction of large myelinated
fibers [82]. The disease usually progresses irreversibly and most patients die of pneumonia as‐
sociated with dysphagia and disorders of the pharyngeal and laryngeal musculature, and
some may require mechanical ventilation during the course of the disease [74, 83].

Etiology: The disease is caused by the expansion of a polymorphic tandem repeat sequence
of the triplet CAG in exon 1 of the androgen receptor gene (AR) located on the X-chromo‐
some (locus Xq11–12). The normal number of repeats is 9 to 36 [84, 85] and in the case of
SBMA the number of repeats identified is 40 to 62 [85, 86]. The CAG encodes the amino acid
glutamine (Q), so that the AR is expressed with a polyglutamine (poliQ) sequence in the
amino terminal transactivation segment [87]. SBMA is considered 1 of the 9 hereditary poly‐
glutamine neurodegenerative diseases [75]. It has been shown that the greater number of re‐
peats in the polyglutamine sequence, the receptor activity is decreased. Thus, in SBMA the
AR has limited or null activity. This AR mutant resides in the cytoplasm as apoAR associat‐
ed with heat shock proteins (Hsps) and accessory proteins until it binds its ligand (testoster‐
one and dihydrotestosterone). The hormone binding induces the exposure of the bipartite
nuclear localization signal [88, 89] and translocation to the nucleus, where it is partially de‐
graded by nuclear proteasome [90]. The AR mutation is not able to bind coactivators and
corepressors, and its classical androgenic action is not performed [69]. The patient shows
signs of androgen insensitivity such as asymmetric gynecomastia, reduced fertility, testicu‐
lar atrophy, oligospermia, azoospermia, erectile dysfunction, and reduced libido or diabetes
[72]. The poli-Q expanded AR deregulates transcription by interfering with several tran‐
scriptional coregulators. The number of the repeats is negatively correlated with age disease
onset and directly with the severity and progression of the disease [72, 76].

Pathophysiology: The precise mechanism of the disease is still unknown, but there is grow‐
ing evidence that the poli-Q-expanded AR is not adequately degraded, resulting in the accu‐
mulation of fragments of the poli-Q amino terminal fragment [73, 91]. These are
accumulated in the nucleus of motor neurons, dorsal root ganglia, or visceral cells, and exert
toxic effects that cause dysfunction and loss of neurons [79, 88, 92]. Aggregation requires the
presence of androgens, migration of the mutated AR to the nucleus, and inhibition of gene
expression of essential factors for the viability of affected neurons [88]. Once it joins the li‐
gand, either testosterone or dihydrotestosterone (DHT), the poli-Q expanded AR migrates to
the nucleus and due to misfolding [84], does not perform its genomic functions in the andro‐
gen response elements (ARE), but instead forms nuclear aggregates [92]. The nuclear aggre‐
gates (neuronal intranuclear inclusions) contain fragments of mutated AR, ubiquitin
proteasome system (UPS) (ubiquitin and 19S and 20S proteasome core components), and
heat shock proteins (Hsp40, Hsp70 and Hsp90) [93]. Segments with poli-Q expansions form
antiparallel beta strands, and by hydrogen bonds the strands form a beta sheet structure, re‐
sulting in aggregation of these misfolded proteins as intranuclear inclusions, either as
oligomers or larger aggregates [94]. The mutated ARs in the nucleus undergo partial pro‐
teolysis due to misfolding, resulting in the production of truncated forms of the poli-Q-ex‐
panded AR oligomers. The accumulation of mutant AR aggregates is regarded as protective
[95, 96], while diffuse accumulation in the nucleus is considered toxic [92]. These aggregates
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are observed at light microscopy as inclusions in the nucleus and cytoplasm of affected mo‐
tor and sensory neurons and those with no apparent signs of damage [92]. It has been found
that the number of aggregates was not correlated with toxicity [88]. In addition, this same
type of aggregate is seen in other tissues including scrotal skin and abdominal viscera [73].
There is clear evidence that mutated AR aggregation leads to transcriptional dysregulation
in affected neurons [97]. Intermediate gene products have been described that reduce the ex‐
pression of TFG-β receptor type II (TβRII), dynactin 1, and VEGF. Transgenic mice express‐
ing a mutated AR with 97 glutamine repeats (AR-97Q) exhibited muscle atrophy and
neurodegeneration similar to that of SBMA in studies, and this was associated with reduced
transcription of TβRII [97]. Moreover, in a similar model of transgenic mice, AR-97Q was as‐
sociated with early decrease in the expression of the p150 (Glued) subunit of dynactin (dy‐
nactin 1), and this was related to inadequate retrograde axonal transport resulting in the
distal accumulation of neurofilaments, axonopathy with subsequent degeneration of motor
neurons, and the onset of characteristic signs of SBMA, which was partially reversed by cas‐
tration [98]. Overexpression of C terminus of heat shock cognate protein 70-interacting pro‐
tein (CHIP) in double-transgenic mice significantly reduced the SBMA phenotype by
promoting the degradation of the mutated receptor by way of ubiquitin proteasome system
(UPS) and significantly reduced the appearance of nuclear aggregates of mutant AR [93], in‐
dicating that proper breakdown of mutated protein reduces the negative effects of poli-Q-
expanded AR. Interestingly, over-expression of skeletal muscle tissue-specific normal AR
induced a phenotype similar to SBMA in transgenic animals, mimicking the effects of poli-
Q-expanded AR [75], which suggest that muscle dysfunction may at least partly be behind
the pathology of motor neurons and is due to overexpression of the AR in the presence of
androgens inducing decreased expression of VEGF, which is critical in maintaining the neu‐
romuscular junction and the viability of motor neurons [75].

Treatment options: Clinical deprivation of androgens by various strategies has been tested,
including the use of the competitive AR blocker flutamide, which was ineffective in animal
models. The efficacy to prevent the peripheral conversion of testosterone to dihydrotestos‐
terone (DHT) by blocking the enzyme 5-α-reductase using dutasteride has also been tested,
and proved to be ineffective to prevent the progression of the disease [99]. The most promis‐
ing strategy has been the use of leuprorelin, which is a LHRH analogue that reduces andro‐
gen secretion to undetectable levels in plasma and has proven effective in preventing toxic
accumulation of mutated AR and neurodegeneration in human patients [100, 101]. Other ex‐
perimental strategies are based on preventing the deregulation of transcription induced by
the mutated AR, since it has been shown to inhibit the histone acetyltransferase (HAT) activ‐
ity of nuclear proteins like Sp1 and cAMP response element-binding protein-binding protein
(CBP) [102], which has been shown to induce a phenotype of SBMA and which has been
prevented by histone-deacetylase inhibitors, such as sodium butyrate, in animal studies
[100]. The strategy of increasing the degradation of mutated AR via the UPS or by induction
of autophagy to reduce the presence of nuclear and cytoplasmic poli-Q AR has also been ex‐
plored [88, 93], but to date the most effective mechanism to prevent progression of the dis‐
ease is to reduce circulating androgen concentrations, thereby preventing migration of the
mutated AR to the nucleus and its subsequent toxic effects.
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3. Molecular basis of influence of high levels of testosterone on skeletal
and cardiac muscle

High blood levels of androgens, above the physiological range, are produced by exogenous
administration of testosterone or its synthetic derivatives. These hormones have been used
by athletes to improve performance by increasing muscle mass and strength. Hypertrophy
is the more recognized among the numerous documented hormonal effects of long-term use
of androgens.

Muscle mass is regulated by the normal balance between synthesis and degradation of mus‐
cle proteins. There is consensus that the use of testosterone leads to hypertrophy by increas‐
ing net protein synthesis over protein degradation, however the pathways responsible for
this effect, and this dependence of intracellular androgen receptor, have not been fully de‐
scribed to date. Moreover, testosterone activates skeletal muscle satellite cell and mesenchy‐
mal stem cell differentiation, which also accounts for the clinical effect of this hormone on
body composition [103, 104]. Side effects related to use of anabolic steroids are focused espe‐
cially on the cardiovascular system [105]. It is known that there are increases in blood pres‐
sure and peripheral arterial resistance [105-108], and there are also effects on the heart
muscle, primarily left ventricular hypertrophy with restricted diastolic function [109-111].
Severe cardiac complications (heart failure, atrial fibrillation, myocardial infarction or sud‐
den cardiac death) in strength athletes with acute anabolic/androgenic steroid abuse have al‐
so been reported [112, 113].

The anabolic actions of androgens enhance muscle strength and increase muscle size clini‐
cally [6, 7, 114]. In vivo, androgens increase skeletal muscle mass and induce cardiac hyper‐
trophy [10, 109]. The effect of androgens may occur through either the classically described
intracellular androgen receptor pathway (genomic pathway) or via a fast, non-genomic
pathway. In contrast to the genomic pathway (minutes to hours), the non-genomic pathway
has measurable effects in seconds to minutes. It is elicited by hormones, the effects of which
cannot be abrogated by transcriptional inhibitors, and may occur without requiring the hor‐
mone to bind the intracellular receptors or the receptor to bind DNA [115].

As noted, hypertrophy processes involve changes in gene expression controlled by intracel‐
lular androgen receptor-mediated pathways, and recent studies have demonstrated an alter‐
native rapid intracellular androgen receptor-independent mode of testosterone action. The
establishment of the testosterone-androgen receptor complex acts as a transcriptional factor
for the expression of different genes and proteins necessary for protein synthesis, energy
production, and cell growth, which are also crucial for hypertrophic growth. Now, aside
from the classical action mechanism of testosterone, non-classical effects have also been im‐
plicated in the growth of the muscle cell. Hypertrophy in both skeletal and cardiac muscle is
an adaptive response of the cell to increase force and contractile activity. Although initially
beneficial, the prolonged activation of muscle cells by hypertrophic stimuli may produce
detrimental effects. Unlike that in cardiac muscle, hypertrophy of skeletal muscle cell is a re‐
versible process.
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are observed at light microscopy as inclusions in the nucleus and cytoplasm of affected mo‐
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Q-expanded AR [75], which suggest that muscle dysfunction may at least partly be behind
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androgens inducing decreased expression of VEGF, which is critical in maintaining the neu‐
romuscular junction and the viability of motor neurons [75].

Treatment options: Clinical deprivation of androgens by various strategies has been tested,
including the use of the competitive AR blocker flutamide, which was ineffective in animal
models. The efficacy to prevent the peripheral conversion of testosterone to dihydrotestos‐
terone (DHT) by blocking the enzyme 5-α-reductase using dutasteride has also been tested,
and proved to be ineffective to prevent the progression of the disease [99]. The most promis‐
ing strategy has been the use of leuprorelin, which is a LHRH analogue that reduces andro‐
gen secretion to undetectable levels in plasma and has proven effective in preventing toxic
accumulation of mutated AR and neurodegeneration in human patients [100, 101]. Other ex‐
perimental strategies are based on preventing the deregulation of transcription induced by
the mutated AR, since it has been shown to inhibit the histone acetyltransferase (HAT) activ‐
ity of nuclear proteins like Sp1 and cAMP response element-binding protein-binding protein
(CBP) [102], which has been shown to induce a phenotype of SBMA and which has been
prevented by histone-deacetylase inhibitors, such as sodium butyrate, in animal studies
[100]. The strategy of increasing the degradation of mutated AR via the UPS or by induction
of autophagy to reduce the presence of nuclear and cytoplasmic poli-Q AR has also been ex‐
plored [88, 93], but to date the most effective mechanism to prevent progression of the dis‐
ease is to reduce circulating androgen concentrations, thereby preventing migration of the
mutated AR to the nucleus and its subsequent toxic effects.
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3. Molecular basis of influence of high levels of testosterone on skeletal
and cardiac muscle

High blood levels of androgens, above the physiological range, are produced by exogenous
administration of testosterone or its synthetic derivatives. These hormones have been used
by athletes to improve performance by increasing muscle mass and strength. Hypertrophy
is the more recognized among the numerous documented hormonal effects of long-term use
of androgens.

Muscle mass is regulated by the normal balance between synthesis and degradation of mus‐
cle proteins. There is consensus that the use of testosterone leads to hypertrophy by increas‐
ing net protein synthesis over protein degradation, however the pathways responsible for
this effect, and this dependence of intracellular androgen receptor, have not been fully de‐
scribed to date. Moreover, testosterone activates skeletal muscle satellite cell and mesenchy‐
mal stem cell differentiation, which also accounts for the clinical effect of this hormone on
body composition [103, 104]. Side effects related to use of anabolic steroids are focused espe‐
cially on the cardiovascular system [105]. It is known that there are increases in blood pres‐
sure and peripheral arterial resistance [105-108], and there are also effects on the heart
muscle, primarily left ventricular hypertrophy with restricted diastolic function [109-111].
Severe cardiac complications (heart failure, atrial fibrillation, myocardial infarction or sud‐
den cardiac death) in strength athletes with acute anabolic/androgenic steroid abuse have al‐
so been reported [112, 113].

The anabolic actions of androgens enhance muscle strength and increase muscle size clini‐
cally [6, 7, 114]. In vivo, androgens increase skeletal muscle mass and induce cardiac hyper‐
trophy [10, 109]. The effect of androgens may occur through either the classically described
intracellular androgen receptor pathway (genomic pathway) or via a fast, non-genomic
pathway. In contrast to the genomic pathway (minutes to hours), the non-genomic pathway
has measurable effects in seconds to minutes. It is elicited by hormones, the effects of which
cannot be abrogated by transcriptional inhibitors, and may occur without requiring the hor‐
mone to bind the intracellular receptors or the receptor to bind DNA [115].

As noted, hypertrophy processes involve changes in gene expression controlled by intracel‐
lular androgen receptor-mediated pathways, and recent studies have demonstrated an alter‐
native rapid intracellular androgen receptor-independent mode of testosterone action. The
establishment of the testosterone-androgen receptor complex acts as a transcriptional factor
for the expression of different genes and proteins necessary for protein synthesis, energy
production, and cell growth, which are also crucial for hypertrophic growth. Now, aside
from the classical action mechanism of testosterone, non-classical effects have also been im‐
plicated in the growth of the muscle cell. Hypertrophy in both skeletal and cardiac muscle is
an adaptive response of the cell to increase force and contractile activity. Although initially
beneficial, the prolonged activation of muscle cells by hypertrophic stimuli may produce
detrimental effects. Unlike that in cardiac muscle, hypertrophy of skeletal muscle cell is a re‐
versible process.
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Several pro-hypertrophic stimuli activate common pathways in the muscle cell [116].
Among pathways activated by these stimuli, key regulators are phosphatidylinositol-3 kin‐
ase (PI3K)/Akt and mitogen-activated protein/extracellular signal-regulated kinase kinase
(MEK/ERK1/2) pathways [117-119]. It has also been proposed that testosterone actions in‐
volve membrane receptors that stimulated early intracellular signaling pathways through
interaction with G proteins in primary cultures of skeletal muscle cells [12] as well as cardiac
myocytes [120]. Common to these early effects are the fast intracellular Ca2+ increase, activa‐
tion of Ca2+-dependent pathways, and second-messenger cascades. Ca2+ is one of the most
diverse and important intracellular second messengers as well as a key element in the exci‐
tation-contraction coupling of muscle cells. Ca2+ has been related to hypertrophy because of
its ability to promote the activation of the protein phosphatase calcineurin through the es‐
tablishment of a Ca2+/calmodulin complex [121]. Calcineurin promotes translocation of the
nuclear factor of activated T cells (NFAT) from cytoplasm to nucleus. NFAT family proteins
are responsible for the expression of the early fetal genes, which are expressed during fetal
development. These are silenced in adult stages but are re-expressed during cardiac hyper‐
trophy, and thus are considered as hypertrophic markers [119, 121, 122].

Interlinked signaling pathways are related to hypertrophy of the muscle cells. Moreover, it
has been described that testosterone induces intracellular Ca2+ increase through a non-ge‐
nomic action mechanism in skeletal muscle cells [12, 13] and cardiomyocytes [120]. Studies
in cultured muscle cells show that through a nongenomic mechanism, testosterone is impli‐
cated in the activation of a membrane receptor coupled to a Gαq protein, thus resulting in
the production of IP3 and release of Ca2+ from endoplasmic reticulum [12, 120]. These Ca2+

oscillations induce the activation of ERK 1/2, which in turn phosphorylates mammalian tar‐
get of rapamycin (mTOR), promoting hypertrophic cardiac growth [15].

The PI3K/Akt pathway has been related to cell survival and proliferation in almost all cell
types. However, the up-regulation of the pathway by several stimuli induces cardiac hyper‐
trophy. One of the most common downstream targets of Akt is the protein kinase glycogen
synthase kinase 3-β (GSK3-β) [123]. Activated GSK3-β phosphorylates several members of
the NFAT family, which promotes their translocation from nucleus to cytoplasm. Akt phos‐
phorylates and inhibits GSK3-β, which increases the residence of NFAT in the nucleus.
Moreover, Akt has the ability to phosphorylate mTOR, another downstream target of the
PI3K/Akt pathway. In muscle cells, protein synthesis is highly regulated by mTOR, which
stimulates protein translation and ribosome biosynthesis [124]. The mTOR lies upstream of
critical translation regulators such as the 40S ribosomal protein S6 kinase 1 (S6K1) and the
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1). Activation of the mTOR pathway
is a critical step to induce cardiac hypertrophy by testosterone in vitro [15].

Thus, considering the current information available regarding androgen actions on muscle
cells, it has been proposed that muscle hypertrophy induced by testosterone requires both
androgen receptor activity and signal transduction pathways to control protein synthesis.
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4. Perspectives of androgen-mediated physiological and pathological
responses

The role of androgens in modulating both musculoskeletal and cardiovascular function is of
the highest importance, especially considering that androgen deficiency is strongly associat‐
ed with several medical conditions, including sarcopenia, metabolic syndrome, obesity, dia‐
betes, hypertension and atherosclerosis. Testosterone deficiency, as observed in LOH,
further deprives muscle of important anabolic effects of androgens in human males. The ac‐
tion mechanism of androgens involves both androgen receptor and signal transduction
pathways, so, essential for the diagnosis, clinical and pharmacological intervention studies,
a detailed knowledge of these pathways is required. As cardiovascular side effects of testos‐
terone reduce its actual therapeutic use, research in this field is badly needed to have a de‐
tailed knowledge of the effects of androgen alterations in order to elaborate safe therapeutic
replacement protocols that appear to have a broad potential for high incidence pathological
conditions.
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