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Preface

This book on corticosteroids is unique since it consists of many chapters with different top-
ics on the newest research in corticosteroids. Otherwise, in medical and pharmaceutical
books, there is usually only one chapter that covers corticosteroids.

Corticosteroids are mainly used to reduce inflammation and suppress the immune system.
Corticosteroids will only be prescribed if the potential benefits of treatment outweigh the
risks. They will also be prescribed at the lowest effective dose for the shortest possible time.
This book strives to highlight the importance of corticosteroids, to focus on minimizing side
effects, to monitor and sensitize the population on the potential adverse effects of misuse,
and to provide additional knowledge about the design and development of new drug deliv-
ery systems loaded with corticosteroids potentially useful in the treatment of chronic in-
flammatory-based diseases and in reducing inflammation and the impact on immune
system. The major objective of this book is to present the information in a lucid, condensed,
and cohesive form and to specially cater to the needs of readers in medicine and pharmacy.

I thank all the authors who contributed for this book with their valuable, informative, inter-
esting, and important topics on corticosteroids.

I am also indebted to all who assisted with the completion of the book. The cooperation of
the publisher, IntechOpen, is very much appreciated in bringing out this book. The contri-
bution that I received in the form of sustained cooperation from Ms. Dajana Pemac, Publish-
ing Process Manager, cannot be ignored.

Constructive suggestions, comments, and criticism on the subject matter of the book will be
gratefully acknowledged, as they will certainly help to improve its future editions. It is our
hope that this work will prove to be beneficial to students and teachers of pharmacy and
science and to medical scientists.

Professor, Doctor Ali Gamal Al-kaf
Medicinal Chemistry Department
Dean of Faculty of Pharmacy

Sana’a University, Yemen






Chapter 1

Introductory Chapter: The Newest Research in
Corticosteroids

Ali Gamal Al-kaf and

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74634

1. Introduction

The adrenal glands (which lie just above the kidneys) secrete over 50 different steroids, includ-
ing precursors to other steroid hormones. However, the most important hormonal steroids
produced by the adrenal cortex are aldosterone and hydrocortisone [1].

A number of steroidal active principles were isolated and their structures were elucidated by
Kendall and his coworkers in the 1930s [2].

In 1956, N.N. Suvoroviy with his colleagues (All-Union Scientific Research of Chemical and
Physical Institute) shown the ability of obtaining cortisone from solasodin from the plant
Solanum [3].

The corticoids (both gluco and mineralo) are 21 carbon compounds having a cyclopentanoper-
hydrophenanthrene (steroid) nucleus. They are synthesized in the adrenal cortical cells from
cholesterol. A simplified version of the biosynthetic pathways is presented in Figure 1 [2].

1.1. Biochemical activities of corticosteroids

Aldosterone increases sodium reabsorption in the kidneys. An increase in plasma sodium
concentration, in turn, will lead to increased blood volume. Aldosterone also increases potas-
sium ion excretion. Deficiency gives rise to Addison’s disease.

Glucocorticosteroids stimulate glycogen storage synthesis by inducing the synthesis of glyco-
gen synthase and stimulate gluconeogenesis in the liver (formation of glucose from proteins).

They have catabolic effect on muscle tissue, stimulating the formation and transamination of
amino acids into glucose precursors in the liver. The catabolic action in Cushing’s syndrome

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIN
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Figure 1. Simplified depiction of the pathways of adrenal steroid hormone biosynthesis.
is demonstrated by wasting of tissues, osteoporosis, and reduced muscle mass. Lipid metabo-
lism and synthesis are significantly increased in the presence of glucocorticosteroids.

Glucocorticosteroids also protect the body from stress. High glucocorticosteroid production
in response to stress can lead to a decrease in the size of the thymus gland by up to 95%. The
mechanism of protection against stress (by glucocorticoid stimulation) is, as yet, not fully
delineated [1].

1.2. Anti-inflammatory actions by glucocorticoids

* Glucocorticoids inhibit the transcription of cytokines and other mediators of inflammation.
¢ Glucocorticoids also block the synthesis of some cytokine receptors.

¢ Glucocorticoids may also increase the synthesis of lipocortinl_ a protein that inhibits the
production of prostaglandin and platelet-activating factor_ in some cells.

* They can very effectively inhibit collagenase, an important enzyme involved with
inflammation.

* They also appear to inhibit the permeability of capillaries at inflammation sites.
¢ Equally fascinating is the glucocorticoid’s role in activating some part of the immune system,

but depressing others [1].

1.3. Therapeutic uses

Mineralocorticoids are used only for the treatment of Addison’s disease. Hydrocortisone (glu-
cocorticoid) is used during postoperative recovery after surgery for Cushing’s syndrome-
excessive adrenal secretion of glucocorticoids.
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Abrupt withdrawal of glucocorticoid therapy may result in adrenal insufficiency showing
clinical symptoms similar to Addison’s disease. For that reason, patients who have been on
long-term glucocorticoid therapy must have the dose gradually reduced.

The glucocorticoids are used in the treatment of collagen vascular diseases, including rheu-
matoid arthritis, disseminated lupus erythematosus, and dermatomyositis.

They also usually produce relief from the discomforting symptoms of many allergic condi-
tions—intractable hay fever, exfoliative dermatitis, generalized eczema, and others.

They are also used to treat acute asthmatic symptoms unresponsive to bronchodilators (in
aerosol preparations) [4].

Our aim is to focus on minimizing side effects, to monitor and sensitize the population on
the potential adverse effects of misuse, to reduce inflammation, and to affect the immune
system. The major objective of this book will be to present the information in a lucid,
condensed and cohesive form, and to specially cater the needs of readers in medicine and
pharmacy.

This book covers eight chapters in which authors participate from over the world including
the following topics:

¢ Introductory Chapter: The Newest Research in Corticosteroids.

¢ Action Mechanisms and Physiopathological Characteristics of Cortisol in Horses.
» Twenty-first Century Glucocorticoid Receptor Molecular Biology.

* Cortisol in Correlation to Other Indicators of Fish Welfare.

* Glucocorticoid-Mediated Regulation of Circadian Rhythms: Interface with Energy
Homeostasis and Reproduction.

¢ Corticosteroids and Their Use in Respiratory Disorders.
* 60 Years of Corticosteroids in Dentistry — And We Are Still at a Cross Road?

* Management of Atopic Dermatitis in Children: A Pediatrician State of the Art.

This is the first edition of this book that includes eight chapters of the newest research in
corticosteroids.

A lot of thanks to all authors for their valuable, interested, and important topics in
corticosteroids.

This book covers the newest research in corticosteroids. The cooperation of publisher, Intech
for Science, Technology, and Medicine and the publisher is very much appreciated in bring-
ing out this book. The contribution that I received by sustained cooperation of Ms. Dajana
Pemac Publishing Process Manager cannot be ignored.

3
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Any suggestions, comments, and criticism on the subject matter of the book will be gratefully
acknowledged, to improve future editions of the book. Our hope that this work will prove to
be as benefit to students and teachers of pharmacy, science, and medical scientists.
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Twenty-First Century Glucocorticoid Receptor
Molecular Biology

Cheng Wang, Roel Oldenkamp,
Ronald J.W. QOellers and Colin Logie

Additional information is available at the end of the chapter
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Abstract

Glucocorticoids are central to homeostasis as a function of the circadian cycle, temporally
preceding circulating adrenaline concentration circadian fluctuations. Virtually, all cell
types express the glucocorticoid receptor (GR). GR is a transcription factor that activates
gene expression by binding to enhancers. Intriguingly, not all cell types respond to GR
stimulation in the same fashion at the molecular level. This indicates that GR activity is
subject to epigenetic control. We discuss the molecular basis for epigenetic control of GR
action at the genomic level, including the concept of topologically associating domains
which may restrain the roaming range of distal enhancers. Furthermore, much evidence
indicates that GR can repress gene expression programs. We therefore discuss current
concepts of the molecular basis of GR-mediated gene expression repression, including
non-genomic mechanisms that involve mRNA destabilization.

Keywords: glucocorticoid receptor, glucocorticoid response element, chromosome
conformation, epigenetics, non-genomic action, RNA decay

1. Introduction

Glucocorticoids (GCs) are steroids derived from cholesterol that are mainly produced in
the adrenal cortex, under the control of the hypothalamic—pituitary-adrenal axis. Due
to their lipophilic nature, GCs can traverse cellular membranes and thus enter any cell.
Physiologically, GCs show circadian oscillations in man, peaking at 06:00 before we wake
up and then dropping until 00:00, when their levels start to rise again. Adrenaline, a cat-
echolamine that is produced by the adrenal medulla, follows this trend with a lag of about
2 hours [1]. Ontogenetically, GC levels increase during the final weeks of human gestation and

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{cc) ExgNN
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in the post-natal period. This not only stimulates gluconeogenesis, but also perinatal lung
maturation [2] and many other physiological processes [3-5]. Furthermore, GCs are part of an
emotion (stress, fear, and arousal) processing pathway in the brain that impacts memory and
aspects of behavior that are controlled by the central nervous system [6-8].

Importantly, from a medical point of view, GCs and their synthetic analogues have strong
immunosuppressive properties. Because of this, synthetic GCs belong to the top 50 World
Health Organization essential medicines. Prednisone, dexamethasone, and triamcinolone are
used to treat a wide range of (auto)inflammatory conditions as well as hematopoietic malig-
nancies. The anti-inflammatory effect of GCs is due to regulation of cell survival and immune
signaling molecules such as chemokines, interleukins, and cytokines such as TNFa [9, 10].
GCs are often well accepted as a long-term treatment, making them irreplaceable for medical
use. Nevertheless, synthetic glucocorticoid (over)use has a number of side effects that usually
involve homeostasis and tissue maintenance [11, 12]. To mitigate such side effects, a detailed
understanding of the molecular mode of action of GCs is a necessity. Hence, understand-
ing the molecular mechanisms through which GCs exert their biological function has been a
highly active research field in the past century.

The glucocorticoid receptor (NR3C1, abbreviated here as GR) is a sequence-specific DNA-
binding transcription factor that is expressed in virtually every human cell type. Hence,
almost every tissue is potentially responsive to GCs through gene expression modulation.
Since the molecular responses to GCs of given tissues are different, it is thought that epigen-
etic programming during cellular differentiation underlies the cell-specific GC responses [13].
Below, we will review recent developments in epigenetic research relevant to cell-specific GC
response mechanisms. In the last section of this chapter, we will review recent research results
that support the notion that non-genomic effects of GCs may be very important too.

2. Chromosome architecture and epigenetic control of glucocorticoid
responses: DNA accessibility

Eukaryotic transcription factors (TFs) bind to regulatory DNA elements commonly called
“cis-acting elements” to modulate the transcription rates of their target genes. Cis-acting ele-
ments can be located at (i) gene promoters, where mRNA transcription starts, or (ii) at enhanc-
ers, which can be located hundreds of thousands of nucleotides away from their target gene
promoters, or (iii) at boundary elements that flank chromosome domains and function to
restrict enhancer activity within individual topologically associated chromosome domains [13].

In order to determine the locations where TFs bind on chromosomes, a technique called chro-
matin immunoprecipitation (ChIP) was developed in the 1990s. ChIP is based on formalde-
hyde crosslinking of TFs to DNA, followed by DNA co-immunoprecipitations using antibodies
directed against the TF protein [14]. Initially, PCR was used to analyze the co-immunoprecipitated
DNA, using the enrichment of putative TF target sites relative to “control” chromosomal regions.
Nowadays, the co-immunoprecipitated DNA fragments are prepared as DNA libraries that can
be sequenced on next-generation sequencing (NGS) platforms, followed by computational map-
ping of the obtained reads to a reference genome [15].
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Currently, more than 20 human and mouse genome-wide GR occupation profiles are avail-
able. These reveal a high degree of GR-binding variability [16]. Grentved et al. showed that a
majority (83%) of GR-DNA binding sites in mouse liver cells are liver cell-specific, while only
0.5% of events are shared between all analyzed cell-types [17]. This suggests that there is a
complex and dynamic epigenetic component to GR binding that underlies the differences in
GR-mediated transcriptional regulation across cell types.

The first level of epigenetic regulation is rather well defined by DNA being wrapped, or not,
around histones to form nucleosomes every ~190 bp [18, 19]. Low nucleosome occupancy
can be measured as DNasel hypersensitivity, because accessible free DNA is more prone to
DNasel endonuclease cleavage than DNA wrapped around nucleosomes [20, 21].

DNA accessibility is an important indicator for GR binding. Early studies indicated that GR
binding increases DNA accessibility to DNasel [22, 23] and it was therefore concluded that
GR “opens up” chromatin. Although this is true, more recent research indicates that the a
majority of chromosomal GR-binding sites coincide with pre-existing hypersensitive DNA
stretches, whose DNasel accessibility profile is further modulated by GR activity, as first
reported on a genome-wide level by John et al. [24-27] (Figure 1). Grontved et al. indicated
that 62% of glucocorticoid receptor-binding sites are occupied by the transcription factor
C/EBP in mouse liver tissue and that C/EBP maintains chromatin accessibility before GC treat-
ment [17]. Furthermore, it was shown that in HeLa cells, 88% of GR-binding sites are already
occupied by the lysine acetyltransferase p300 transcription co-activator prior to GC treatment
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Figure 1. GR binds to GREs at several DNasel hypersensitive locations within the TSC22D3/GILZ locus on human
chromosome X. This can increase p300 histone acetyltransferase occupancy, H3K27ac marking, and DNasel
hypersensitivity. Notably, occupancy by RNA polymerase II is dramatically increased upon 4 hours of GC treatment,
indicating transcription activation. Histone H3 lysine modifications are indicated (H3K27 acetylation, H3K4 mono-
methylation, H3K4 tri-methylation). Data are from HeLa cells, Rao et al. [27].
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[27, 28]. Altogether, the available evidence indicates that GR-mediated transcriptional control
is dependent on other TFs that establish baseline chromatin accessibility profiles in a cell-type
specific manner, as exemplified by FoxA1 [29]. However, one single pioneer TF is unlikely to
be the sole key to differential use of GR response elements by different cell lineages, or by the
same cell type under different conditions. Rather, combinations of DNA sequence-specific
transcription factors may act together as “reciprocal pioneers” in an environmentally cued
fashion [30-33].

In summary, in a given cell type, GR generally binds to a predetermined set of nucleosome
free regions within enhancers that are marked by lineage determining TFs, and GR only rarely
binds at sites with very low initial levels of DNA accessibility (Figure 1) [28, 34]. Intriguingly,
GR appears to associate for rather short times with its cognate sites in vivo, with reported
DNA residence times in the order of seconds [35-39]. GR binding usually results in increased
histone acetylation [27] (Figure 1).

3. Chromosome architecture and epigenetic control of glucocorticoid
responses: topologically associated domains

Over the last decade, a lot of effort was invested in mapping active cis-regulatory enhancer
elements to susceptible promoters. This is especially relevant in GR-mediated transcriptional
regulation, because the majority of GR-bound cis-acting DNA elements are enhancers that are
located many kilobases away from the promoters of GR-responsive genes [17, 24]. An impor-
tant contributor in the identification of enhancer-promoter interactions was the development
of nuclear proximity-based chromosome conformation capture (3C) technology in 2002 [40]. In
brief, interacting DNA regions are fixed by formaldehyde through DNA-protein-DNA cross-
links. The crosslinked chromatin is then digested using restriction enzymes and the digested
ends are ligated to obtain DNA circles that harbor sequences from interacting DNA regions.
In the original 3C protocol, which is considered a “one-to-one” approach, interactions between
two defined genomic loci are assessed by quantitative polymerase chain reaction (RT-qPCR)
using locus-specific primers. Circularized Chromatin Conformation Capture (4C), is a “one-
to-all” approach that implements a second round of restriction and ligation to obtain small
DNA circles which are suitable for inverse PCR amplification to identify the genome-wide
DNA interactions of one defined viewpoint locus with any other chromosomal loci [41, 42].
The most recent technical development in 3C technologies is the establishment of chromosome
capture followed by high-throughput sequencing (Hi-C) [43]. Crosslinked DNA is digested,
labeled with biotin, and re-ligated resulting in a biotin-labeled 3C library. Ligated circles are
sheared, purified, and subsequently analyzed using NGS. Hi-C is an “all-to-all” approach
because it potentially identifies all possible genome-wide DNA interactions. Capture Hi-C
is a further modified version of Hi-C that uses immobilized custom DNA probes and DNA
hybridization to enrich for specific loci interactions present in a Hi-C library [44].

A fascinating feature of nuclear chromosome organization is its hierarchical character, con-
taining several layers of compartmentalization. Analyses of Hi-C contact matrices confirm the
existence of a first level of organization, namely the occurrence of chromosome territories [45]
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that were previously described in microscopy-based studies [46]. At the next level, individual
chromosomes are partitioned into multi-megabase “A” and “B” compartments that have a pro-
pensity to cluster separately. “A” compartments tend to display a euchromatin profile, being
gene-rich, transcriptionally active, and accessible. “B” compartments are generally gene-poor
with a tendency to be more heterochromatic, transcriptionally inactive, and less accessible.
Hi-C maps with improved resolution, mainly obtained through increased sequencing depth
and the use of different restriction enzymes, reveal the partitioning of A and B compartments
into so-called sub-Mb-sized topologically associated domains (TADs) [47]. TADs are defined
by their tendency to favor internal rather than external DNA interactions. Hence, the TAD
hypothesis states that TADs are flanked by left and right boundaries and that enhancers mainly
interact with promoters and enhancers within their TAD, but not outside of it. It is currently
thought that TADs consist of dynamic sub-Mb chromatin fiber loops that undergo continuous
remodeling, among others through RNA polymerase II passage.

TADs are highly conserved between different cell lineages [48], indicating that TADs may be
universal functional chromosomal units that serve as a platform within which cis-regulatory
elements are spatially brought together with their susceptible promoter element. The basis
of TAD loops is highly enriched for CCCTCEF-binding factor (CTCF) [47] (Figure 2). CTCF

A
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" 155

A cTcF

=== Cohesin
mRNA

Figure 2. A model depicting long-range transactivation after glucocorticoid stimulation. (A) Linear overview of cis-acting
element organization. Convergent CTCF motifs define TAD boundaries that restrict promoter-enhancer interactions. A
schematic contact matrix of a virtual Hi-C experiment is shown as an interaction heatmap. (B) GR induces transcription
through binding of a pre-configured locus without affecting its spatial chromosome architecture. Low and high levels
of enhancer H3K27 acetylation are depicted by light and dark rectangles, respectively. TAD: topologically associating
domain, GR: glucocorticoid receptor, and TSS: transcription start site. See also Ref. [13].
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is known as a transcriptional regulator that functionally segregates chromosomal TADs by
inhibiting enhancer-promoter interactions [49]. Importantly, the majority of mammalian TAD
loops are flanked by a pair of convergent CTCF motifs that mark the TAD’s left and right
boundaries [50]. Deletion or inversion of CTCF sites can alter TAD architecture and there-
fore result in dysregulated enhancer-promoter interactions [51]. Moreover, CTCF depletion
disrupts TAD boundaries [52] and impacts gene expression [53]. Dysregulation of CTCF is
associated with improper gene regulation during development and oncogenesis [54, 55].

The cohesin complex co-localizes with CTCF when assayed by ChIP [56, 57]. Cohesin rings
are composed of the core subunits SMC1, SMC3, RAD21, and STAG [58, 59]. Cohesin is most
likely loaded onto its chromatid substrate by the NIPBL2/Mau2 cohesin-loading complex,
which is enriched at transcription start sites (TSS) [60, 61]. Conversely, cohesin release from
chromatids is facilitated by WAPL [62]. Depletion of cohesin leads to altered short-range chro-
matin interactions, while global TAD organization seemingly persists, suggesting that cohe-
sin and CTCF play different mechanistic roles in TAD formation [63]. Indeed, while inhibiting
cohesin loading (by inhibiting cohesin loading factors) inhibits the formation of topologically
associated domains, inhibiting cohesin release by inhibiting WAPL restricts loop extension
[64]. In the absence of both CTCF and WAPL, cohesin accumulates in up to 70 kilobase-long
regions at the 3'-ends of active genes, in particular, if these converge on each other [60, 61].
Cohesin can be moved along chromosomes through RNA polymerase II translocation along
its template in yeast and human; this indicates evolutionary conservation of the translocation
of Cohesin rings during RNA polymerase II passage.

A quantitative model of “chromatin loop extrusion” was proposed that explains the dynamic
features of TADs rather well [50, 65, 66]. Very recently, looping was studied in the mono-
cytic leukemia cell line THP1 that can differentiate into macrophage-like cells. About 16,000
chromatin loops were detected in both cell types and, using stringent selection criteria, 217
were found to be “dynamic” [67]. This indicates that although loss and gain of TAD loops
can occur naturally as cells adapt their gene expression landscape, it is not an obligate step in
gene activation/repression. Indeed, Hi-C results obtained in parallel in eight primary human
hematopoietic cell types show high correspondence [68].

In 2009, long-range interactions involving GR-bound cis-acting DNA sequences were identi-
fied in mouse cells using a modified 3C technique [70]. An interaction that spans 30 kb was
detected between a GR-binding site in the Lcn2 gene and the promoter of the Cizl gene.
This interaction may be responsible for GC-mediated Lcn2 and Cizl transcription induction
in mouse mammary epithelial adenocarcinoma 3134 cells [69]. In 2011, the same research
group reported that “the predominant hormone-induced changes for Lcn2-contacting loci can
be attributed to an increased frequency of pre-existing interactions” [70]. More recently, the
4C approach and genome-wide chromatin structure analysis were applied to characterize
GR-associated DNA interactions [71]. In the 3134 murine cell line, this showed that activated
GR response elements can interact with a downstream enhancer of the Tsc22d3 transcrip-
tion repressor gene, whose transcription is strongly upregulated by glucocorticoids. See also
Figure 1 where human TSC22D3 is shown. However, upon glucocorticoid receptor activation,
contact intensities changed two-fold at most [71].
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Theoretically, there are two types of models for transcription factor (TF)-mediated gene
regulation at the level of chromatin organization and chromosome folding. In the first
type, repressed loci reside in a silent and inaccessible chromatin state with a low enhancer-
promoter interaction frequency. Binding of TFs to distal cis-regulatory elements would then
enhance the accessibility of the locus for other TFs to bind the enhancers and promoters,
and consequently, increased interaction between promoter and enhancer elements would
alter gene expression [72, 73]. In the second type of models, the locus is dynamically pre-
configured in 3D through boundary-boundary interactions controlled by CTCF and cohesin
dynamics that insure that TFs can rapidly exert stimulatory or repressive effects on transcrip-
tion [74] (Figure 2). In this model, TFs hardly affect enhancer-promoter interaction frequen-
cies, although they do affect the histone-borne epigenetic marks such as H3K27 acetylation
(see Figure 1). Currently, available data suggest that GR-responsive loci fit the second type of
models, since dexamethasone-mediated GR activation does not greatly alter TAD structure
[70, 71] (Figure 2).

4. GR-binding site sequences and GR-mediated transrepression

The oligomerization state and quaternary structure of GR protein on DNA is thought to influ-
ence the activity of cis-acting GR-binding DNA elements. Experimentally determined gluco-
corticoid receptor DNA-binding sites have been broadly classified as “simple,” “composite”
or “tethering.” In the “simple” case, homodimers of GR trans-activate genes by binding to
canonical GR response elements (GREs) and consequently recruit transcription co-activators
[75]. In the composite DNA motif case, repression and activation are both possible outcomes.
Finally, “tethering” is a DNA-binding mode whereby GR does not directly bind specific
DNA sequences; instead, it is indirectly tethered to DNA by another TF via protein-protein
interactions. Tethering was historically proposed to be the main mechanism of GC-induced
GR-mediated transcription repression.

Canonical GREs, mineralocorticoid, progesterone, and testosterone receptor-binding sites are
virtually identical, being composed of two inverted pseudo-palindromic repeats separated
by a spacer sequence of three bases (GRACANNNTGTYC) [76, 112]. Spacer sequence length
has been proposed to be important to maintain GR’s dimerization state [77, 78]. Furthermore,
it has been suggested that allosteric DNA plasticity in the GR recognition sequences influ-
ences the conformational state of GR and, thereby, its spatiotemporal regulatory character
[79, 80]. However, Presman et al., shone new light on this paradigm as real-time imaging sug-
gests that GR tetramerizes at GREs [81]. Furthermore, in another key publication, Presman
et al. used GR point mutations to confirm that trans-repression and transactivation by GR
are two functions that can be separated genetically, whereby loss of transactivation potential
though impaired homodimerization did not always co-occur with loss of trans-repression
potential [82].

The application of single-base resolution TF ChIP technology, attained by inclusion of a
lambda exonuclease digestion step in the ChIP protocol (ChIP-exo), was used to reveal that
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many GR-bound half-sites (GRACA) coincide with recognition sequences of unrelated TFs
at composite elements [83, 84]. For instance, Lim et al. revealed co-localization with liver-
specific TF-binding sites, explaining part of GR’s liver cell-specific binding profiles [84]. The
molecular mode of regulation at composite sites still remains to be elucidated, although it
was hypothesized to fit a model in which only the co-association of the involved TFs results
in productive DNA binding, as seen for classical heterodimeric TFs [85, 86].

Next to its ability to bind half-sites, monomeric GR has been reported to counter the effects of
other TFs through protein-protein tethering which would result in trans-repression [87, 88].
One such proposed GR-tethering partner is the activator protein 1 (AP-1) heterodimer made-
up of heterodimers of bZIP TF family members. A second major proposed GR tethering part-
ner is NF-kB, a TF that consists of heterodimers of RELA and RELB with NFKB1 and NFKB2
subunits [89-92].

For long, AP-1 and NF-«B tethering of GR to DNA were considered the dominant mechanism
for GR-mediated trans-repression of transcription, through “on-DNA” repression of the GR
tethering TF’s transcription activation potential, as reviewed by Glass and Saijo [93]. Genomic
studies showed a significant reduction of GR association upon AP-1 loss, but a majority of reg-
ulatory scenarios could neither be disentangled nor rationalized through genome-wide ChIP
analyses [94]. Indeed, recent experiments indicate that the mode of GR “trans-repression”
is still not fully understood. For instance, Oh et al., showed that activation of GR after LPS
treatment caused similar gene repression as activation of GR before LPS treatment, and that
DNA occupancy by GR was not predictive of gene expression repression, contradicting the
“trans-repression by tethering” model. Rather, GR activation was found to directly induce the
expression of inhibitors of NF-kB (and AP-1) and this was proposed to cause genome-wide
blockade of NF-«B interaction with chromatin [95]. This suggests that protein tethering lead-
ing to DNA-bound monomeric GR trans-repression can only account for a minority of repres-
sive events [96]. Indeed, single-molecule imaging suggests that tethering can account for only
~3% of DNA recruitment events [35].

In yet another twist of the GR tethering saga, Weikum et al. showed that GR associates with
a GRE half-site that is located within an AP-1 recognition element, even in the absence of
AP-1[97]. Since AP-1 occupancy was not directly required for GR-mediated trans-repression,
Weikum et al. proposed that AP-1 establishes an accessible chromatin state for subsequent GR
binding to the half-sites which results in transcription repression [34]. Whether AP-1 trans-
repression by GCs relies on co-repressor recruitment [98, 92] or rather on exclusion of other
TFs and their co-activators is an unresolved issue at this point in time.

5. Non-genomic mechanisms of gene regulation by glucocorticoids

The classical model for GR action involves ligand-dependent release from a repressive HSP90
complex followed by genomic DNA binding and consequent transcription modulation [12,
75, 99-101]. However, over the years, non-genomic physiologically relevant GR responses
have been proposed, as reviewed by Boldizsar et al. [102]. These include direct membrane
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binding effects of (synthetic) glucocorticoids, a putative non-GR membrane-associated recep-
tor [103], functional interactions of GR with proteins involved in signal transduction such as
kinases and phosphatases [104, 105], and mitochondrial GR translocation as a mechanism
leading to T-cell apoptosis [106]. An advantage of non-genomic regulation over genomic reg-
ulation of gene expression is that non-genomic regulation can take place much faster than
the transcription-translation process, which often take >20 minutes to begin to change a cell’s
molecular composition [107-109].

Over the past decades, it has become apparent that non-genomic mechanisms may also play
vital roles in GC action, particularly in the context of immune cell regulation [108]. The mech-
anism we will review below concerns the apparent capacity of GR to bind to RNA.

There are reports that the growth arrest-specific 5 transcript (GAS5), which is a non-coding
RNA, can sequester GR, as well as progesterone and androgen receptors, away from their
genomic sites of action by acting as a “GRE decoy” [110-112]. This GAS5-dependent GC
inhibitory pathway appears to also be active in some immune cells [113, 114]. Although there
are no crystal structures of GR bound to RNA, such structures have been modeled [110].

On the other hand, evidence was published that GCs affect the turnover of specific mRNAs.
Regulation of mRNA stability is an intricate process controlled by a complex set of interaction
between phosphorylation-mediated signaling pathways like the phosphorylation of UPF1 or
SMG-2, which together with cis-regulatory RNA elements accelerate an mRNA’s decay rate
[107, 115-118]. RNA cis-acting elements that regulate mRNA stability are usually found in
their 5’ and 3’ untranslated regions (UTRs) [119, 120]. The most widely found sequences in
the 3' UTRs of unstable mRNAs belong to the adenylate-uridylate-rich elements, consisting of
AUUUA ribonucleotide sequences [119]. It has been proposed that GCs can accelerate mRNA
decay by inducing the transcription of genes that code for protein factors implicated in mRNA
decay. One such example being the gene that codes for tristetraprolin (TTP, also known as
ZFP36), which is inducible by GCs under some circumstances [121, 122]. Pro-inflammatory
factor mRNAs indeed display differential half-lives through such an indirect GC-induced
mechanism, an example of which is TNFa [122, 123].

Strikingly, in addition to upregulating the expression of mRNA decay factors, it would
appear that GR can act directly as a ligand-dependent activator of mRNA decay. In 1999, a
5" UTR RNA element was reported to be of particular importance for GC regulation of the
expression of the MCP-1/CCL2 inflammatory chemokine [124]. In 2007, it was first reported
that GR binds specifically to CCL2 mRNA, to cause its decay [125]. In 2011, an RNA immu-
noprecipitation protocol was employed to define an RNA motif that recruits GR and the 5’
UTRs of CCL2 and CCL7 mRNAs [126]. The mechanism of GR binding to an mRNA to medi-
ate its decay was termed “GR-mediated mRNA decay” (GMD) by Park et al. in 2015 [127].
This research group investigated how GMD occurs. They reported that GMD is a distinct
mRNA decay pathway that shares factors with other forms of RNA decay [128, 129]. GMD
depends on a number of proteins that have to be recruited to the mRNA. These include GR,
PNRC2, UPF1, DCP1A, HRSP12, and YBX1 which then instigate rapid mRNA degradation
(Figure 3). PNRC2 and UPF1 are known to bind to each other to bring RNA helicase activity
into the complex. Another pair of factors that are known for their ability to degrade mRNA
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Figure 3. Model of the assembly and composition of the glucocorticoid mediated mRNA decay pathway as described
by Park et al. [129]. GR with bound GC recruits PNRC2 and DCP1A together with UPF1 to the 5 UTR of a target
mRNA to form Complex I. HRSP12 and YBX1 are then recruited to form Complex IT and mRNA decay is performed by
exonucleases.

are DCP1A, which promotes mRNA decapping by DCP1 activity, and HRSP12, an endoribo-
nuclease that can attack mRNA [129]. Although exciting, GMD still needs to be confirmed by
unbiased approaches such as genome-wide transcriptomic comparisons of nascent RNA and
steady-state RNA which have the capacity to simultaneously report mRNA transcription and
decay rates [130].

6. Conclusion

Over the past decade, GR action has been studied at the molecular level in model systems
using DNA accessibility assays, GR ChIP, epigenetic profiling of histone-borne epigenetic
marks, transcriptome profiling, and RNA immunoprecipitation. Furthermore, chromosome
conformation capture assays have been deployed to investigate the impact of GC signaling on
chromosome domain topology.

In the cases where it was studied, GR was found to bind for less than a minute to its genomic
targets. GR does not appear to affect the configuration of the topologically associated domains
to which it binds. It therefore appears that GR binds to loci where enhancers and promoters
are dynamically pre-configured in three-dimensional space. The observation that GR complies
with chromosome conformation rather than influencing it offers the exciting perspective of
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being able to map intergenic GRE’s, which are often located very far away from their target
promoters, to TADs. The genes encompassed by these TADs can then be earmarked as poten-
tial GR target genes, a hypothesis that can be confirmed by monitoring their expression upon
GC exposure.

Results obtained by many laboratories suggest that GR is dependent on other pioneer tran-
scription factors to access its response elements in chromosomal DNA. Co-pioneer factor
combinations appear to be cell-type-specific lineage determining TFs, largely explaining the
tissue-specific responses elicited by GCs. Furthermore, much evidence indicates that GR is
not only restricted to the classical inverted repeat steroid response element, but can also bind
to a variety of DNA sequences that only encompass one half site. Furthermore, the concept
that GR is tethered indirectly to DNA via other TFs, whose activity it would then repress
“on DNA,” is no longer the only model to explain trans-repression in the field. Indeed, other
genomic and non-genomic interactions may explain the repression of NFKB and AP-1 target
genes observed upon GC exposure.

Interestingly, GR itself appears to be subject to miRNA-mediated regulation, as recently
reviewed [131].

Excitingly, following on early reports of RNA binding, it was reported multiple times that GR
is also an mRNA-binding protein that induces mRNA decay. A particular target for this path-
way are CCL chemokine family mRNAs that have long been known to undergo a dramatic
down-regulation upon GC exposure.

Altogether, we conclude that although much effort has been invested in glucocorticoid research
since the discovery in the 1940s that glucocorticoids are anti-inflammatory wonder drugs,
much remains to be discovered about the molecular mechanisms of action of glucocorticoids.

Abbreviations

3C Chromosome Conformation Capture

4C Circularized Chromatin Conformation Capture
ChIP Chromatin immunoprecipitation

DHS DNasel hypersensitive site

GC glucocorticoid

GMD GR-mediated mRNA decay

GR Glucocorticoid receptor

GRE GR response elements

Hi-C Chromosome conformation capture with high-throughput sequencing

LPS Lipopolysaccharides
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Abstract

All living organisms have evolved by developing concomitant physiological and behav-
ioral adaptations to environment. Through these processes, biological rhythms, such as
reproduction, can be synchronized by environmental cues, which include not only the
light/dark cycle itself but also the feeding pattern. These adaptations depend on two
highly conserved and interrelated systems: an endogenous timing system and the hypo-
thalamic-pituitary-adrenal (HPA) axis. In mammals, the biological circadian rhythms
are controlled by a “master oscillator,” the suprachiasmatic nucleus of the hypothala-
mus (SCN). Through neural signals to paraventricular nucleus of hypothalamus (PVN),
the SCN also modulates the activation of the HPA axis, ultimately resulting in the cir-
cadian rhythm of glucocorticoid secretion by the adrenal cortex. Glucocorticoids, in
turn, are well known for their important role in the regulation of energy homeostasis.
Accordingly, obese animals exhibit increased glucocorticoid levels and are more sus-
ceptible to glucocorticoid-induced anabolic effects. In parallel, glucocorticoids modulate
reproductive function and fertility: at physiological levels, glucocorticoids control the
timing of puberty onset and gonadal steroidogenesis, as well modulate the immune sys-
tem, which determines conception and pregnancy progression. However, stress-induced
glucocorticoid secretion may exert a dual effect on reproductive function.

Keywords: glucocorticoids, hypothalamus, energy homeostasis, reproductive function,
circadian rhythm
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1. Introduction

Glucocorticoids are steroid hormones produced by the intermediate layer of the adrenal gland
cortex (fasciculate zone) under the stimulation by the adrenocorticotropic hormone (ACTH),
released from the anterior pituitary. ACTH secretion, in turn, is stimulated by corticotrophin-
releasing hormone (CRH), produced by hypothalamic neurons and released into the portal
pituitary capillary system. CRH, ACTH, and glucocorticoids (mainly cortisol in humans) inte-
grate the hypothalamus-pituitary-adrenal (HPA) axis [1], whose activity influences a broad
range of physiological functions such as metabolism, immune and inflammatory responses,
as well as central nervous system activity [2].

The intracellular actions of glucocorticoids are mediated by the interaction with glucocorti-
coid (GR) and mineralocorticoid (MR) nuclear receptors, which hold great structural homol-
ogy and are both ligand-driven transcription factors. In the cytoplasm of target cells, MRs and
GRs exist at their unbound form; upon hormone binding, the receptor-ligand complex then
translocates to the nucleus to modulate gene transcription [3]. It has been assumed that GR
primarily mediates the reactive feedback during stressful episodes, whereas MR mediates the
axis feedback during the nadir phase of the circadian rhythm [4].

MR and GR have also been identified in association with neuronal membranes [5], a signaling
mechanism that is apparently shared by other steroid receptors [6]. Supporting this evidence,
Evanson and coworkers [7] showed that stress-induced corticosterone secretion in rats is rap-
idly inhibited by the intrahypothalamic dexamethasone administration and that previous
conjugation of dexamethasone to bovine serum albumin did not prevent dexamethasone-
induced inhibition of ACTH release in stressed animals. Therefore, besides MR and GR being
mostly known for their intracellular, delayed genomic role, these results make increasingly
evident that these receptors can also mediate rapid, nongenomic signaling.

Indeed, transmembrane GRs seem to be upstream of a complex network controlling neuronal
activity. It has been demonstrated that dexamethasone-induced activation of postsynaptic
G-protein coupled receptors produces a rapid suppression of excitatory postsynaptic inputs
in neurosecretory hypothalamic neurons [8, 9]. These effects were shown to be dependent
upon the activation of nonconventional retrograde neurotransmission, mediated by the pro-
duction of membrane-derived lipid mediators (endocannabinoids) and a gaseous modulator
[nitric oxide (NO)]. These nongenomic glucocorticoid actions would accomplish, within the
hypothalamus, for rapid, retrograde inhibition of glutamatergic (by endocannabinoids) and
stimulation of GABAergic (by NO) signaling. Therefore, this simultaneous and rapid glu-
cocorticoid-mediated and synapse-specific inhibition potentially impacts all the homeostatic
responses initiated within hypothalamic nuclei in response to stress.

2. Glucocorticoids and the circadian rhythm

All living organisms have evolved by developing concomitant physiological and behavioral
adaptations to environment. Through these processes, biological rhythms, such as reproduction,
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can be synchronized by environmental cues or “zeitgebers,” which include not only the light/
dark cycle itself but also the feeding pattern. These adaptations depend on two highly con-
served and interrelated systems: an endogenous timing system and the HPA axis [10, 11].

The HPA axis circadian maturation may occur at early ages, influenced by prenatal and post-
natal environmental synchronizers [12, 13]. In mammals, the biological circadian rhythms
are controlled by a “master clock,” the suprachiasmatic nucleus of the hypothalamus (SCN),
which receives external information via the retinohypothalamic tract and synchronizes the
“peripheral clocks,” located in almost all organs and tissues [14].

The interaction between the circadian timing system and the HPA axis occurs at different
signaling levels. Through neural signals to paraventricular nucleus of hypothalamus (PVN),
the SCN also modulates the secretion of CRH, arginine vasopressin [(AVP), an ACTH secreta-
gogue], and ACTH, ultimately resulting in the circadian rhythm of glucocorticoids secretion
by the adrenal cortex [15]. The SCN also influences adrenal sensitivity to ACTH through the
autonomic nervous system, in a second level of interaction [16].

The molecular machinery for the cell-autonomous circadian clock depends on transcriptional
feedback loops. The two core clock proteins—CLOCK and BMAL1—form a heterodimer
that activates the transcription of their target genes, Period (Per) and Cryptochrome (Cry). The
proteins encoded by the genes Pers and Crys interact with the heterodimer CLOCK/BMALL,
inhibiting their own transcription. The genes Rev-erba and Rora also modulate this transcrip-
tional loop, creating a repetitive and self-sustainable cycle of almost 24 h [17].

At transcriptional level, glucocorticoids synchronize central oscillators in some areas of the
brain [18], influencing the expression of clock genes in response to a series of conditions.
Glucocorticoids also modulate the circadian rhythm of peripheral oscillators [19-21], regulat-
ing the expression of clock genes through genomic actions mediated by activated GR [22].
Per1 and Per2 contain glucocorticoid-responsive elements (GREs), whereas Rev-erba and Rora
are negatively regulated by glucocorticoids [23].

Additionally, the transcriptional activity of GR is reduced in response to acetylation of mul-
tiple lysine residues mediated by the CLOCK protein [24]. The CLOCK/BMALL1 heterodimer
physically interacts with the ligand-binding domain (LBD) of the a-subunit of the glucocor-
ticoid receptor (GRa) and represses the transcription of glucocorticoid-responsive genes [24,
25]. Furthermore, the posttranslational acetylation of GRa by CLOCK appears to repress the
activation of genes targeted by GRa [25]. Taken together, these findings suggest that CLOCK/
BMALLI heterodimer behaves as a negative regulator of GRa in peripheral tissues, antagoniz-
ing the physiological actions of circulating glucocorticoids [24].

An interesting example of the complex interaction between the HPA axis and peripheral oscil-
lators is provided by the modification of the daily dietary pattern, which is considered a pow-
erful “zeitgeber” for the diurnal rhythm of glucocorticoid secretion [26, 27]. In rats, which are
nocturnal animals, the change in dietary schedule to the light period results in the inversion of
the circadian rhythm of the HPA axis, producing a corticosterone peak in the morning. This evi-
dence reinforces the hypothesis that HPA axis activity is influenced not only by photic synchro-
nizers such as the light/dark cycle but also by nonphotic clues, such as feeding episodes [28, 29].
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Therefore, it is quite reasonable to assume that glucocorticoid signaling might somehow
reset peripheral clocks in response to changes in feeding pattern [22]. However, larger phase
shifts were observed in adrenalectomized (ADX) mice and rats submitted to daytime feed-
ing, suggesting that glucocorticoids in fact inhibit rather than promote phase adjustments of
peripheral oscillators to daytime feeding [20]. Based on this finding, it has been hypothesized
that nutrient-sensing molecules, such as sirtuin-1 (SIRT1) and AMP-activated protein kinase
(AMPK) may also act as clock-resetting signals in response to altered feeding time [30].

The literature clearly reveals feeding as a potent synchronizer of HPA axis activity in murines
and the insight into this relationship for humans is not so clear. A study performed in male
volunteers before and during Ramadan, the ninth month of the Muslim calendar, during
which food intake is restricted to 9 p.m., showed that serum cortisol levels rose in the after-
noon, whereas the morning cortisol rise was delayed, with a higher morning peak and a
sharper decline, suggesting mealtime as a synchronizer also in humans [31]. A recent report
reinforced this hypothesis, demonstrating profound changes in the diurnal expression of
CLOCK in Ramadan practitioners [32]. On the other hand, obese women submitted to hypo-
caloric diet in different restricted feeding patterns demonstrated no significant changes in
the circadian rhythm of cortisol secretion regardless the meal timing [33]. These conflicting
results could be related to gender differences as well as the duration of feeding/restriction
protocol, possibly indicating that a longer duration of altered feeding pattern could be also
necessary to evoke those HPA axis changes.

Another line of evidence that has been recently revisited is the relative importance of envi-
ronmental light (either natural or artificial) as one important “zeitgeber” for cortisol circadian
rhythm in humans. Indeed, occasional or sustained (i.e., shift work, exposure to artificial light
from electronic devices, etc.) alterations in the timing of the sleep-wake cycle or light exposure
can lead to changes in circadian hormonal organization (including cortisol and melatonin
secretion) and may contribute to negative health outcomes, such as obesity [34].

In summary, the endogenous timing system and the HPA axis modulate each other’s activity
through multilevel interactions, which ultimately coordinate homeostasis with the various
environmental challenges. Therefore, uncoupling of these systems alters internal regulatory
mechanisms and promotes pathologic changes in virtually all organs and tissues, especially
those implicated in energy metabolism. Despite the significant progress that has been made
during the past few years on the knowledge of molecular mechanisms underlying this multi-
level communication, most of the physiologic and pathophysiologic aspects of this interplay
remain to be elucidated.

3. Glucocorticoids and energy homeostasis

Energy homeostasis is basically defined as the balance between energy intake and expendi-
ture, being regulated by central and peripheral factors. Feeding behavior is homeostatically
controlled by peripheral factors (such as leptin and insulin, known as adiposity signals), as well
as by gut-derived signals, classically known as satiety signals [35]. Leptin and insulin medi-
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ate the long-term control of energy homeostasis, by acting primarily in hypothalamic neurons
that express orexigenic or anorexigenic neuropeptides [35]. Neuropeptide Y (NPY) and agouti-
related protein (AgRP) in the arcuate nucleus of the hypothalamus (ARC), and orexins and
melanin-concentrating hormone in the lateral hypothalamic area, constitute the classical hypo-
thalamic orexigenic pathway. The hypothalamic anorexigenic circuit, in turn, includes proopi-
omelanocortin (POMC) and cocaine and amphetamine-regulated transcript (CART) in the ARC,
and CRH and oxytocin (OT) in the PVN. On the other hand, brainstem areas, mainly the nucleus
of the tractus solitarii (NTS), receive immediate information about the meal from satiety sig-
nals [mechanical and chemical stimulation of stomach and small intestine, as well as hormones
released during a meal, as cholecystokinin (CCK)], and thus acutely regulate meal size [36].

Glucocorticoids appear as critical hormones regulating energy balance, given their participa-
tion in the metabolism of glucose, lipids, and proteins, as well as in the control of food intake
and body weight gain and composition. As evidenced before, feeding also plays a key role
as a rhythmicity synchronizer of the HPA axis [37], the amount of food ingested also being
related to glucocorticoid secretion [38]. On a reciprocal way, increases in circulating gluco-
corticoids, in consequence to stress, therapeutic strategy, or Cushing’s disease, lead to an
enhancement in food intake and body weight gain, in addition to increased glucose produc-
tion, decreased glucose transport and utilization, decreased protein synthesis, and increased
muscular protein degradation [39, 40]. Long-term glucocorticoid treatment in intact rodents
also induces the development of obesity, as well as other physiological hallmarks of metabolic
syndrome, such as increased plasma leptin and insulin, increased plasma triglycerides, and
impaired glucose tolerance [41, 42].

On the other hand, anorexia and body weight loss are typically found in response to chronic
glucocorticoid deficiency, as observed in Addison’s disease or primary adrenal insufficiency
[43]. Similarly, removal of endogenous glucocorticoids by bilateral adrenalectomy (ADX) is
a well-established experimental model to investigate the mechanisms underlying the hypo-
phagic effect of human primary adrenal insufficiency [44-46]. An increased expression of the
anorexigenic neuropeptides CRH and OT is indeed found in the PVN of ADX rats [45, 46],
together with a reduction in the expression of the orexigenic neuropeptides NPY and AgRP
in the ARC [47]. Surprisingly, ADX was shown to reduce the expression of POMC and CART
in the ARC, suggesting that ADX-induced hypophagia may be somehow dissociated from the
expression of these neuropeptides [48].

Interestingly, although serum cortisol levels are not clearly increased in human obesity, circu-
lating corticosterone is enhanced in several murine obesity models, ADX being a very effec-
tive way to diminish hyperphagia and obesity under these experimental conditions [49, 50].
Reciprocally, obese animals seem to be more sensitive to the anabolic effects of glucocorti-
coids, evidenced by a higher response to CRH stimulation, as well as by enhanced basal and
stimulated response to stress [51].

It is well established that glucocorticoids stimulate the drive to eat, and thus ADX-induced
hypophagia involves, at least in part, a reduction on this stimulatory drive. However, glucocor-
ticoids also seem to participate in the short-term control of food intake, since the anorexigenic
effect of ADX is also associated with the increased activation of satiety-related responses in
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the brainstem, primarily implicated in the control of meal size [44, 45]. In this context, it has
been already demonstrated that the hypothalamus and the brainstem are reciprocally intercon-
nected, and OT axonal projections from the PVN to the NTS were also enhanced following ADX
[52]. Furthermore, the intracerebroventricular administration of type 2 CRH receptor and OT
receptor antagonists reversed ADX-induced hypophagia and the increased activation of NTS
neurons induced by feeding [45, 46, 52]. Actually, OT neurons of the PVN may act as down-
stream mediators of CRH effects on the enhanced meal-induced satiety induced by ADX [53].

Glucocorticoids are also known for their dual effects on lipid metabolism, which vary from
lipogenic to lipolytic. White adipose tissue can be found in different regions of the body: in
visceral or central depots (omental and mesenteric), found within the abdominal cavity asso-
ciated with digestive organs, and in subcutaneous depots, located under the skin. In response
to excessive energy intake and limited energy expenditure, energy homeostasis is disturbed
and subcutaneous adipose tissue is recruited by acting as a metabolic sink, where excess free
fatty acids (FFAs) and glycerol are stored as triglycerides (TGs) in adipocytes. If the storage
capacity of subcutaneous adipose tissue is exceeded or its ability to generate new adipocytes
is impaired, lipid begins to accumulate in areas outside the subcutaneous tissue, originating
as visceral adiposity [54].

Indeed, the net effect of glucocorticoids on lipid storage appears to depend on the physiologic
context and the type of fat depot. Glucocorticoids increase lipolysis in mature adipocytes as a
result of increased transcription and expression of the adipose triglyceride lipase (ATGL) and
hormone-sensitive lipase (HSL). ATGL is predominantly responsible for the first step of the
process [conversion of triacylglycerol (TAG) to diacylglycerol, with the consequent release
of one FFA], whereas HSL converts diacylglycerol to monoacylglycerol [55]. The lipolytic
actions of glucocorticoids occur primarily under fasting conditions, characterized by a low-
ratio insulin/glucagon, possibly through a permissive role on growth hormone- and catechol-
amine-induced lipolysis [56].

On the other hand, the lipogenic action of glucocorticoids is composed of several steps, start-
ing with increases in caloric and dietary lipid intake and followed by an increased storage of
lipids in the adipose tissue. Glucocorticoids enhance both adipocyte hyperplasia (through
increased differentiation of preadipocytes to mature adipocytes) and hypertrophy (through
increased synthesis and storage of lipids) [57].

The glucocorticoid-mediated hypertrophic process is accomplished by the deposition of FFA
and TAG, originated either from dietary intake (chylomicrons) or from liver secretion [very
low-density lipoproteins (VLDL)] and by the parallel stimulation of lipoprotein lipase (LPL),
which in turn hydrolyses circulating TAG and increases the amount of FFA available for
ectopic lipid accumulation (liver, muscle, and visceral adipocytes) [58]. Interestingly, insulin
seems to be crucial for some of these effects, since it potentiates glucocorticoid-induced effects
on LPL. Furthermore, treatment with glucocorticoid decreases glucose uptake and metabo-
lism in the absence of insulin [59].

Additionally, glucocorticoids were also demonstrated to increase the secretion of VLDL
by the liver (increasing TAG plasma levels), as well as to enhance de novo lipid production
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in hepatocytes and adipocytes by stimulation of the key enzymes acetyl-CoA carboxylase
(ACC) and fatty acid synthase (FAS) [55, 56, 58]. Furthermore, glucocorticoids stimulate the
enzymatic routes for nicotinamide adenine dinucleotide phosphate (NADPH) generation,
required for de novo lipogenesis [60].

Interestingly, these lipogenic effects of glucocorticoids are more effective in visceral than in
subcutaneous tissue, since both LPL activity and the expression of GRs and MRs are greater
in visceral compared to other adipose depots [61, 62]. In addition, elevated levels of type 1
11-beta-hydroxysteroid dehydrogenase (11b-HSD1), the enzyme that generates active gluco-
corticoid from inactive metabolites, are found in the adipose depots of obese subjects [63, 64].
Accordingly, higher activity of 11b-HSD1 within visceral versus subcutaneous adipose tissue
suggests that this enzyme may be another target to mediate the site-specific actions of glu-
cocorticoids in the adipose tissue [65]. Indeed, visceral adipose accumulation was observed
in mice overexpressing 11b-HSD1, whereas inhibition of this enzyme improved metabolic
parameters and reduced body weight in obese animals [66, 67]. Therefore, these results sug-
gest that elevated 11b-HSD1 activity might be one of the causes rather than one of the conse-
quences of visceral adiposity and obesity.

Furthermore, the glucocorticoid-induced increase in the circulating levels of TAG and FFA,
besides producing dyslipidemia, is also known to restrict glucose utilization and leads to
insulin resistance [68], resulting in other metabolic outcomes such as increased muscle pro-
teolysis and hepatic gluconeogenesis. This impairment of insulin-stimulated glucose uptake
in response to chronic exposure to increased levels of glucocorticoids may also be explained
by decreased expression of insulin receptor or the insulin receptor substrate 1 (IRS1), with the
consequent decrease in insulin binding, and decreased type 4 glucose transporter (GLUT4)
translocation to cell membrane [56].

Therefore, it is suggested that the anabolic actions of glucocorticoids in lipid metabolism
occur through their effects on the turnover and uptake of FFAs in adipose tissue. Considering
that LPL and 11b-HSD1 activities, as well as GR and MR expressions, are higher in visceral fat
than in any other adipose depot, glucocorticoids are likely to contribute to central adiposity.
This would be also facilitated by an increased insulin/glucagon ratio, exhibited by individuals
under positive energy balance and/or elevated glucocorticoid levels. In summary, glucocor-
ticoids act though parallel prolipolytic, antilipolytic, and lipogenic mechanisms, with some
of these mechanisms playing more important roles than the others depending on the physi-
ological condition, targeted adipose tissue, and dose and duration of glucocorticoid exposure.

4. Glucocorticoids and reproductive function

In mammals, the capacity to reproduce is crucial to ensure the species perpetuation and is
dependent on a functional hypothalamic-pituitary-gonadal (HPG) axis. In males, there is a
regular and continuous pulsatile release of gonadotrophin-releasing hormone (GnRH) from
hypothalamic neurons into the portal capillary system. In the anterior pituitary of both males
and females, GnRH binds to its receptor in gonadotrophs, promoting the production and
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release of the gonadotrophin-luteinizing hormone (LH) and follicle-stimulating hormone
(FSH). The systemically secreted gonadotrophins, in turn, act on ovaries and testis to stimu-
late hormone production and gametogenesis.

In males, the HPG axis is always under a negative feedback loop control. In females with
spontaneous ovulation (such as rodents and women), however, the regulation of reproduc-
tion involves more complex mechanisms, including a cyclic and pulsatile GnRH secretion and
the occurrence of preovulatory surges of gonadotrophins, which trigger ovulation.

During most of the cycle’s duration, the female HPG axis is under the influence of the nega-
tive feedback mechanism exerted by low and moderate concentrations of estradiol, which
inhibit the synthesis and release of GnRH and gonadotrophins. Just prior to ovulation, when
a more acute estradiol peak takes place, together with a gradual increase in progesterone,
the feedback loop changes from negative to positive, resulting in increased GnRH/LH syn-
thesis and release.

The activity of GnRH neurons as well as of other HPG axis components is regulated by sev-
eral factors, including the two newly discovered neuropeptides: kisspeptin and RF (Arg-Phe)
amide-related peptide (RFRP). In rodents, kisspeptin neurons comprise two main hypotha-
lamic populations: one located in the anteroventral periventricular (AVPV) nucleus of preop-
tic area (POA), whose function seems to be crucial for GnRH surge generation [69-71], and a
second population localized in the ARC [69, 70].

Kisspeptin and RERP exert opposing effects on GnRH secretion: the former stimulates GnRH
release [69, 72], whereas RFRP inhibits it [73]. Kisspeptin binds to its cognate receptor KISS-1R,
which is expressed, in a gender-independent manner [74, 75], in approximately 70% of GnRH
neurons [74]. RERP effects on GnRH secretion, in turn, seem to be mediated by a G protein-
coupled receptor 147 (GPR147) (also known as NPFF1R). Studies have demonstrated that
GPR147 is expressed in 15-33% of mice GnRH neurons, and also in kisspeptidergic neurons of
the AVPV (5-16%) and ARC (25%) [76-78]. Furthermore, kisspeptin and RFRP neurons seem
to mediate the ER-a-induced effects of estradiol on GnRH release [77, 79, 80]. Taken together,
these data support the hypothesis that both kisspeptin and RFRP actively participate as neu-
roendocrine regulators of reproduction.

As discussed previously in this chapter, the master biological clock in mammals is located in
the SCN and regulates the circadian rhythm of most biological functions. Evidence indicates
that the SCN also integrates and synchronizes all the neuroendocrine events necessary for
the activation of GnRH neurons, thereby controlling the onset of GnRH/LH preovulatory
surge [81, 82]. The SCN neural outputs to GnRH neurons would involve two neuropeptides:
AVP and vasoactive intestinal peptide (VIP). It has been reported that the VIPergic pathway
directly modulates GnRH neurons [81, 83], whereas the circadian signaling of AVP to GnRH
neurons would be indirectly mediated by AVPV kisspeptidergic neurons [84, 85]. Moreover,
it has been recently suggested that the SCN, through VIPergic signaling, may suppress RFRP
activity in the dorsomedial hypothalamus (DMH), allowing a full activation of the LH surge
[86]. Therefore, the generation of GnRH/LH surges involves many neuroendocrine events
that are dependent upon the positive feedback effects of estradiol (in females) and a circadian
neural signal indirectly provided by the SCN [87].
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Glucocorticoids are also among the central mechanisms controlling HPG axis function. It is
quite clear that exposure to increased glucocorticoid levels, either induced by stress condition
or by exogenous administration, may significantly interfere with reproductive function, with
massive impacts on fertility [88-90].

In this regard, it has been demonstrated that glucocorticoids inhibit GnRH secretion [91]. In
GT1 cells, which synthesize GnRH, glucocorticoids repress GnRH gene expression and hor-
mone release [92]. Glucocorticoids also induce a decrease in gonadotropin synthesis and secre-
tion; however, this effect may be at least partially mediated by the inhibition of GnRH neurons
and their neural inputs to gonadotrophs, since GR expression in the anterior pituitary is still
controversial [93-95]. Glucocorticoids also decrease GnRH responsiveness in gonadotrophs, a
mechanism that apparently underlies glucocorticoid-mediated inhibition of LH secretion [96].

Recently, evidence has been provided on the role of kisspeptin and RFRP also in the media-
tion of glucocorticoids” actions on the HPG axis. Both kisspeptidergic [97] and RFRP neurons
[98] express GR, suggesting that these neuronal populations are responsive to glucocorti-
coids. Accordingly, corticosterone decreases hypothalamic kisspeptin gene expression and
neuronal activity during the estradiol-induced LH surge [99].

The RFRP system has also been implicated in glucocorticoid-mediated effects [98, 100, 101].
Both acute and chronic stress stimulate the RFRP system activation, evidenced by an increase
in RFRP mRNA expression [98, 102], which, in turn, suppresses GnRH mRNA levels [102] and
LH secretion [98]. Conversely, RFRP expression induced by both acute and chronic immobi-
lization stress is abolished by ADX [98].

In the testis, GR is expressed in both Leydig and Sertoli cells [103, 104], reinforcing the modula-
tion of steroidogenesis, testosterone release, and spermatogenesis by glucocorticoids. Indeed,
at physiological levels, glucocorticoids are required for testis development in the postnatal
period [105], for the onset and maintenance of spermatogenesis [104, 105], as well as for
sperm maturation [104] and erectile function [106]. High circulating levels of glucocorticoids,
however, have been associated with disruption of male fertility, with inhibition of testoster-
one secretion, spermatogenesis, and libido [107, 108]. Indeed, chronic stress was also shown
to induce an important reduction in spermatid number in male rats [109]. The induction of
Leydig cell and germ cell apoptosis has also been reported in response to high glucocorticoid
circulating levels [110]. Another hypothesis is that the LH receptor may be downregulated
in Leydig cells in response to stress, thus suppressing testicular response to gonadotropins
[111]. There is also evidence showing that glucocorticoids may induce the inhibition of enzy-
matic machinery required for testosterone biosynthesis [112-114].

In the ovaries, glucocorticoids can modulate the functions of granulosa, cumulus, and luteal
cells [99], reducing ovarian response to gonadotropins through the inhibition of LH-induced
steroidogenesis [115]. Similar results were obtained in response to dexamethasone in cultured
rat preovulatory follicles [116]. Although glucocorticoids seem to impair oocyte development
in vitro by increasing apoptosis [117], no alterations in oocyte maturation have been reported
in response to high circulating levels of glucocorticoids in vivo [118]. However, the same study
highlighted a decreased blastocyst formation, suggesting that glucocorticoids may alter the
oocyte potential for fertilization rather than oocyte maturation.
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5. Concluding remarks

Glucocorticoids exert diverse actions throughout the body and remarkably participate in the
maintenance of homeostasis. Their importance for energy homeostasis may be illustrated by
the fact that obese animals exhibit increased glucocorticoid levels and are more susceptible to
glucocorticoid-induced anabolic effects, such as the increase in visceral fat depots. Increased
glucocorticoid levels also directly impact food intake, which is consistent with the experi-
mental evidence that the bilateral removal of adrenal glands (ADX) produces hypophagia
and also improves other metabolic parameters in obesity models. At physiological levels,
glucocorticoids also seem to be crucial for reproductive function, controlling the timing of
puberty onset and gonadal steroidogenesis, as well modulating the immune system, which
determines conception and pregnancy progression. This broad range of actions is coordinated
by the circadian variation of glucocorticoid secretion and is accomplished by both neural
interconnections at SCN level and also by the peripheral clocks, which adapt the central oscil-
lator timing to individual organ requirements. This is particularly important for the essential
hormone variation in female reproductive cycle. In the case of energy homeostasis, this circa-
dian variation also receives important feed forward information from food intake, one of the
most potent synchronizers of the HPA axis activity. Under a broader point of view, the actions
mediated by glucocorticoids may permit environmental clues, such as food availability, or
stressors, to match internal metabolic priorities, which determine not only individual but also
the species survival.
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follicle-stimulating hormone
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glucocorticoid receptor
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hypothalamus-pituitary-adrenal
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POA preoptic area

POMC proopiomelanocortin

PVN paraventricular nucleus of hypothalamus
RFRP RF (Arg-Phe) amide-related peptide

SCN suprachiasmatic nucleus of the hypothalamus
SIRT1 sirtuin-1

TAG triacylglycerol

TG triglyceride

VIP vasoactive intestinal peptide
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Abstract

Corticosteroids are adrenal hormones that play important physiologic roles including
modulation of glucose metabolism, protein catabolism, alteration of calcium metabolism,
regulation of bone turnover, suppression of immune system, and down-regulation of the
inflammatory cascade. Because of their diverse effects, corticosteroids have been used
therapeutically for treating a wide variety of auto-immune, rheumatologic, inflamma-
tory, neoplastic and infectious diseases. In the field of pulmonology, corticosteroids have
been used for the treatment of reactive airway diseases (such as asthma and allergic bron-
chopulmonary aspergillosis), chronic obstructive pulmonary disease, sarcoidosis, colla-
gen vascular diseases (such as vasculitic disorders), eosinophilic pneumonitis, idiopathic
interstitial pneumonias and infectious disorders (such as laryngotracheobronchitis).
Different formulations of corticosteroids are commercially available including tablets,
intravenous injections, intramuscular formulations and inhaled preparations. Long-term
use of corticosteroids is often limited by their adverse effects, which include abnormal fat
deposition, weight gain, diabetes mellitus, cataracts, glaucoma, osteoporosis, osteonecro-
sis, elevated risk of fractures, increased susceptibility to infections, proximal myopathy,
depression, psychosis, adrenal atrophy with risk of Addisonian crisis, abdominal striae,
acne vulgaris, delayed wound healing, easy bruising, electrolyte abnormalities and
increased risk of peptic ulcer disease. As our understanding of corticosteroids advances,
we may be able to identify individuals at higher risk of experiencing adverse effects.

Keywords: corticosteroids, glucocorticoids, respiratory diseases, airway disorders,
asthma, chronic obstructive pulmonary disease, pneumonia, sarcoidosis

1. Introduction to corticosteroids

Corticosteroids are steroid hormones produced by the adrenal gland. Adrenal glands con-
stitute the endocrine system of the body and are a pair of pyramidal shaped glands located

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIEN



48  Corticosteroids

just above the kidneys on either side of the body. Because of their location, they are also
known as suprarenal glands and are perfused by suprarenal arteries, which arise on either
side from renal arteries [1]. These endocrine glands are important as they secrete a number
of hormones into the blood, which play a vital role in maintaining homeostasis. With respect
to the structure of the adrenal glands, they consist of an outer cortex and inner medulla. The
adrenal medulla secretes catecholamines (epinephrine and norepinephrine), which are stress
hormones and are mediators of the sympathetic autonomic nervous system [2]. The adrenal
cortex itself comprises of three layers viz. zona glomerulosa, zona fasciculata and zona reticu-
laris. These three layers are responsible for secreting mineralocorticoids, glucocorticoids, and
adrenal androgens (sex hormones) respectively [3]. As the name suggests, mineralocorticoids
are responsible for maintenance of fluid and mineral (electrolyte) balance; the chief miner-
alocorticoid is aldosterone. Glucocorticoids are involved in regulating glucose metabolism
(glycolysis and gluconeogenesis) and storage (glycogenesis and glycogenolysis); the proto-
type glucocorticoid is cortisol. The primary adrenal androgen is dehydroepiandrosterone and
possesses virilizing properties. Cortisol and other related hormones (such as 11-deoxycortisol
and corticosterone) are collectively referred to as corticosteroids [4].

2. Physiologic effects

Corticosteroids play important physiologic roles in the human body and are referred to as
“stress hormones” as they prepare the body during periods of physiologic stress. One of the
most important actions of corticosteroids is their ability to up-regulate glucose synthesis [5].
Glycogen is the principal storage form of glucose in humans and is stored in various organs
of the body, especially the liver. Glycogen is a multibranched polysaccharide and its structure
consists of a core protein (glycogenin), which gives off multiple branches composed of glucose
monomers [6]. Glycogen is produced by a biochemical pathway known as glycogenesis, which
occurs chiefly in the liver. Glycogen is broken down during periods of fasting to provide a sup-
ply of glucose monomers. Glucose monomers can be utilized by all cells of the body through
the processes of glycolysis. Pyruvate produced during glycolysis can then produce acetyl-
CoA which can enter the Krebs cycle. Oxidation of glucose (in conjunction with the electron
transport chain) produces adenosine 1,4,5-triphosphate (ATP), which is the energy currency of
the cell. Stress hormones (such as catecholamines) generally up-regulate gluconeogenesis and
glycogenolysis to induce hyperglycemia, which helps in fulfilling energy demands of vari-
ous cells of the body [7]. Corticosteroids also induce fasting hyperglycemia by up-regulating
gluconeogenesis; this is achieved by increasing expression of several key enzymes involved
in gluconeogenesis including phosphoenol pyruvate-carboxykinase, fructose-1,6-bisphospha-
tase and glucose-6-phosphatase [8]. Cortisol and other corticosteroids are unique in that they
up-regulate gluconeogenesis while inhibiting glycogenolysis. This seemingly contradictory
effect of corticosteroids is important in intrauterine life when release of cortisol from the fetal
adrenal gland helps in building glycogen stores in the fetal liver to prepare for delivery.

Protein metabolism is also affected by corticosteroids. Increased catabolism of proteins to
amino acids provides a supply of alanine, which can be converted to glucose by the process of
gluconeogenesis. Cahill cycle (glucose-alanine cycle) refers to a series of chemical reactions in which
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amino groups and carbon skeletons from muscles are transported to the liver in the form of
alanine, which are subsequently converted to glucose [9]. An essential enzyme for Cahill cycle
is alanine aminotransferase (ALT), which is present in both muscles and liver. Alanine amino-
transferase (also known as serum glutamate-pyruvate transaminase [SGPT]) is responsible for
transferring an amino group from alanine to a-ketoglutarate, which results in the production of
pyruvate and glutamate [10]. Pyridoxal phosphate is a co-factor for this reaction and is formed
from pyridoxine (vitamin B,). As corticosteroids up-regulate protein catabolism, they induce a
state of negative nitrogen balance in the body, which is important during periods of starvation.

Corticosteroids have important effects on bone turnover and affect bone mass. Bone is a type
of connective tissue composed of osteocytes, osteoblasts and osteoclasts [11]. Osteoclasts
are derivatives of the reticuloendothelial system and are responsible for bone resorption.
Osteoblasts are mesenchymal origin cells and are responsible for giving rise to osteocytes—
the mature cells that make up bones. Osteoclasts and their progenitors express a receptor on
their surface for nuclear factor-kB (NFxB) commonly referred to as RANK. Ligand for RANK
(known as RANKIL) is expressed on the surface of osteoblasts and RANK-RANKL interaction
is necessary for the differentiation and formation of osteoclasts [12]. Osteoprotegerin (OPG)
is a cytokine receptor that is secreted by stromal cells and osteoblasts, which acts as a decoy
receptor for RANKL. Secretion of OPG is one of the mechanisms by which the body prevents
excessive resorption of bones. Due to this reason, OPG is sometimes also referred to as “osteo-
clastogenesis inhibitory factor.” Corticosteroids can affect bone turnover by inhibiting the
secretion of OPG and increasing RANK-RANKL interaction, which leads to enhanced forma-
tion of osteoclasts. By tipping the balance in favor of osteoclasts, corticosteroids favor bone
resorption and loss of mineral bone mass [13]. Calcium homeostasis in the body is tightly reg-
ulated by a number of hormones including parathyroid hormone (PTH), calcitonin and other
hormones. Under physiologic conditions, serum calcium level is not drastically affected by
corticosteroids. However, in pathologic states including Cushing’s syndrome and Addison’s
disease, hypocalcemia and hypercalcemia (respectively) may be occasionally seen.

Vascular tone is also affected by corticosteroids, which has important implications during
states of physiologic stress. Under resting conditions, cortisol and other corticosteroids are not
necessary for maintaining vascular tone. However, during periods of stress, corticosteroids
have a “permissive effect” for catecholamines and help in maintaining the vascular tone [14]. In
patients with severe deficiency of glucocorticoids (such as Addison’s disease), catecholamines
are ineffective in increasing the blood pressure; this may manifest clinically as overt or ortho-
static hypotension. This is especially important for patients with severe sepsis (or septic shock),
myxedema coma, pituitary apoplexy and other diseases. Presence of stress hormones (includ-
ing thyroid hormones and corticosteroids) is necessary for the optimal action of catecholamines,
which helps in the maintenance of vascular tone and blood pressure [15]. This in turn maintains
adequate perfusion of vital organs and allows the body to cope with physiologic stress.

Fluid status of the body is principally controlled by steroid hormones. Mineralocorticoids (such
as aldosterone) are primarily responsible for maintaining the fluid and salt balance in the body.
Renin is a hormone secreted by the juxtaglomerular apparatus of nephrons, which is responsible
for cleaving angiotensinogen to angiotensin I. Angiotensinogen is produced in the liver and is a
precursor to angiotensin I, which is produced in the circulation by action of renin. Angiotensin

49



50 Corticosteroids

I is then converted to angiotensin II in the pulmonary microvasculature through the action of
dipeptidyl peptidase (commonly referred to as angiotensin converting enzyme [ACE]) [16].
Angiotensin II has at least four important effects in the body: (a) stimulation of aldosterone
synthesis and secretion; (b) increasing thirst; (c) vasoconstriction; and (d) enhancing activity of
sodium (Na')-hydrogen (H') exchanger in the proximal convoluted tubule of nephrons. The
overall impact of angiotensin I is to retain salt and water with expansion of the effective circulat-
ing volume [17]. Aldosterone leads to further expansion of the extracellular fluid by increasing
reabsorption of sodium (Na*) and chloride (Cl") in the distal convoluted tubule of nephrons. At
the same time, aldosterone increases tubular secretion of potassium (K*) and loss of hydrogen
(H*) ions in the urine, which can potentially induce hypokalemia and metabolic alkalosis respec-
tively. The overall effect of the renin—angiotensin-aldosterone system (RAAS) is to retain salt and
water, thereby expanding the effective circulating volume and blood pressure. Although corti-
costeroids possess mainly glucocorticoid effects, they do have weak mineralocorticoid effects at
physiologic concentrations. In disease states, and when used therapeutically, corticosteroids can
have substantial mineralocorticoid activity with clinically significant effects on the body [18].

A number of other effects are also possessed by corticosteroids, which are not evident in physi-
ologic states; however, in disease states, these actions can result in protean manifestations.
Corticosteroids are necessary for optimal functioning of the body and excess or deficiency of
these hormones can manifest as Cushing’s syndrome or Addison’s disease respectively. Cushing
syndrome is most commonly iatrogenic and results from exogenous use of steroids, although it
can also result from cortisol or adrenocorticotrophic hormone (ACTH)-secreting tumors (such
as pituitary adenoma, adrenal adenoma or carcinoma, small cell carcinoma of lung, etc.) [19].
Common features of this disease include obesity, buffalo lump (lipodystrophy), moon facies,
purple abdominal striae, easy bruising, depression, psychosis, cataracts, glaucoma, hyperten-
sion, hypokalemia and hypocalcemia. On the other hand, Addison’s disease can be caused by
auto-immune destruction of the adrenal gland (in developed countries) or infiltration of the adre-
nal gland by infections such as tuberculosis (in developing countries). Hypocortisolism mani-
fests as weakness, fatigue, weight loss, hyperpigmentation of skin (due to increased release of
ACTH from the pituitary gland), hyponatremia, hyperkalemia, orthostatic or resting hypoten-
sion, hypercalcemia, basophilia and/or eosinophilia [20]. Treatment of these diseases is directed
at restoring the balance of steroid hormones back to normal. In the case of Cushing syndrome, the
underlying cause is addressed (e.g. removal of primary tumor); rarely, bilateral adrenalectomy
with exogenous replacement of steroids may be required. In Addison’s disease, replacement of
steroid hormones is generally needed for life. These two diseases exemplify the importance of
corticosteroids and the deleterious consequences of their excess or deficiency on the human body.

3. Mechanism of action

From a therapeutic standpoint, corticosteroids have been exploited most for their anti-inflam-
matory and immunosuppressive effects [21]. While these properties of corticosteroids are not
evident during physiologic states, they are clinically important in the treatment of numerous
diseases including auto-immune diseases, neoplastic diseases, inflammatory disorders, rheu-
matologic conditions and infectious diseases (in conjunction with other drugs).
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Inflammation is the response of the body to any noxious stimulus with an aim to eliminate
the noxious stimulus and start the process of tissue repair. Inflammatory response of the body
involves leukocytes, chemical mediators and vascular changes. Acute inflammation begins with
a series of vascular changes that increases blood flow to the inflamed tissue. Chemical media-
tors of inflammation, such as histamine and serotonin, cause arteriolar vasodilation and venous
vasoconstriction. This in turn promotes the exudation of fluid from the intravascular compart-
ment to the interstitial space [22]. Leukocytes are then recruited to the area of inflammation
through the expression of selectins on endothelium and integrins on leukocytes. Selectins are
responsible for weak binding of leukocytes to the endothelium, which results in “rolling” of
leukocytes along the endothelium. On the other hand, integrins are responsible for high-affinity
binding of leukocytes (“adhesion”) to the endothelium with pavementing of the endothelium
with leukocytes. Through the interaction of various cell surface molecules, such as platelet-endo-
thelial cell adhesion molecule-1 (PECAM-1), leukocytes migrate through the microvasculature
into the interstitium [23]. Neutrophils, monocytes and macrophages can phagocytose microbes
and other offending agents by binding to their pathogen-associated molecular patterns (PAMPs)
using pattern recognition receptors (PRRs). Following phagocytosis, microbes are trapped
inside vacuoles called “phagosomes,” which are then fused with lysosomes to form phagoly-
sosomes. Microbes and dead cells are thus degraded through the action of hydrolytic enzymes
present inside lysosomes. Neutrophils and macrophages can also generate free radicals through
the action of enzymes, which can damage different micro-organisms and offending agents [24].

A number of chemical mediators play a crucial role in the process of inflammation. These
include biogenic amines, prostaglandins, leukotrienes, lipoxins, cytokines, chemokines, com-
plement proteins, bradykinin, nitric oxide and other molecules [25]. Histamine and serotonin
are biogenic amines and mediate vascular changes implicated in acute inflammation; hista-
mine also causes bronchoconstriction. Prostaglandins are eicosanoids and have a variety of
actions in the body. PGE, is the mediator of pain, PGF, causes increased vascular permeabil-
ity, PGI, (prostacyclin) causes vasodilation and thromboxane A, causes platelet aggregation
and vasoconstriction. Leukotrienes are derivatives of arachidonic acid and mediate broncho-
constriction. Lipoxins are lipid-derived autacoids that have a modulatory effect on the overall
process of inflammation [26]. Bradykinin is a product of the kinin cascade and is derived by the
action of kallikrein on high-molecular weight kininogen. This molecule irritates bronchiolar
smooth muscle and mediates cough and vasodilation. Nitric oxide is released from endothe-
lium and causes vasodilation. Complement cascade plays an important role in inflammation
and is a part of the humoral immune system. Some complement proteins act as opsonins and
anaphylatoxins. C5a, a complement protein, also causes chemotaxis of leukocytes to the area
of inflammation. Cytokines are a group of small protein molecules that play various roles in
the body including chemotaxis of leukocytes (chemokines), communication between leuko-
cytes (interleukins), mounting fever (pyrogens) and so on [27]. All these chemical mediators
play a crucial role in mounting an inflammatory response and pharmacologic interruption of
their actions can blunt or modulate the inflammatory response.

Phospholipase A, is an enzyme that is responsible for the synthesis of arachidonic acid from
phospholipids present in cell membranes of various cells. Arachidonic acid is an important
lipophilic compound that serves as the precursor for the synthesis of prostaglandins, thrombox-
ane A, leukotrienes and lipoxins (Figure 1). Cyclooxygenase is an enzyme that is responsible
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Figure 1. Arachidonic acid metabolism with cyclooxygenase and lipoxygenase pathways. HPETE = hydroperoxyei-
cosatetraenoic acid.

for the formation of prostaglandins from arachidonic acid. Non-steroidal anti-inflammatory
drugs (NSAIDs) and acetaminophen exert their anti-inflammatory effects by inhibiting cyclo-
oxygenase and preventing formation of prostaglandins and thromboxane [28]. Arachidonic
acid can also be acted upon by 12-lipoxygenase that results in the formation of lipoxins A, and
B,, both of which modulate inflammation by inhibiting neutrophil adhesion and chemotaxis.
Another enzyme, 5-lipoxygenase, is involved in the synthesis of leukotrienes from arachidonic
acid. Leukotrienes C,, D, and E, induce bronchospasm, vasoconstriction and increased vascu-
lar permeability. Synthesis of arachidonic acid is inhibited by corticosteroids and this effect of
corticosteroids is exploited therapeutically for treating inflammatory disorders [29].

The anti-inflammatory effects of corticosteroids are chiefly achieved by altering the synthesis of
chemical mediators of inflammation. When commercially available corticosteroids are adminis-
tered therapeutically, these molecules are readily absorbed and penetrate into various cells of the
body due to their highly lipophilic nature. Glucocorticoids enter the cytosol of cells and bind to
the glucocorticoid receptor. The glucocorticoid—receptor complex can repress the expression of
pro-inflammatory genes by preventing translocation of certain transcription factors (especially
NF«B) from the cytosol into the nucleus [30]. Moreover, the glucocorticoid-receptor complex can
translocate into the nucleus and up-regulate transcription of anti-inflammatory genes by binding
to “zing fingers” of glucocorticoid-response elements (GRE). Glucocorticoids inhibit transloca-
tion of NF«B by inducing the expression of IxBa inhibitory protein, which sequesters NFkB in
the cytosol and prevents transcription of pro-inflammatory genes [31]. This is in turn inhibits the
expression of pro-inflammatory genes and results in a blunted inflammatory response.
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One of the most important effects of glucocorticoids is the modulation of gene expression
of enzymes involved in the metabolism of arachidonic acid. Most notably, glucocorticoids
reduce the expression of the enzyme phospholipase A, which is responsible for the forma-
tion of arachidonic acid [32]. By inhibiting the formation of arachidonic acid, synthesis of
prostaglandins, lipoxins, leukotrienes and thromboxane is inhibited. Since arachidonic acid
metabolites mediate several key steps in the process of inflammation, their inhibition results
in a blunted inflammatory response. Consequently, margination, chemotaxis and phago-
cytosis by phagocytes are inhibited by corticosteroids, which manifests as an overall anti-
inflammatory effect. Additionally, through inhibition of the NF«xB pathway, inflammatory
cells begin to produce anti-inflammatory cytokines, which down-regulate the overall immune
and inflammatory response. This has important therapeutic implications for the treatment of
many diseases in which chronic inflammation lies at the core of their pathogenesis [33].

4. Formulations

Different formulations of corticosteroids are commercially available and have been used in
a variety of diseases. Tablets, intravenous formulations and intramuscular preparations are
available for systemic use. Systemic formulations are generally more efficacious as compared
to other formulations (such as inhaled or topical steroids). However, this greater efficacy
comes at the cost of increased adverse effects, which may be substantial in some cases [34].
Oral formulations are available for various corticosteroids with the most popular ones being
prednisolone, methylprednisolone, hydrocortisone, and dexamethasone. Given the lipophilic
nature of steroids, adequate absorption of steroids is achieved in most patients as they read-
ily cross cell membranes of enterocytes [35]. Oral formulations are convenient for patients
who require chronic use of steroids, such as lung transplant recipients. Tablets are the most
commonly used oral formulation of corticosteroids. Prednisone syrup and dexamethasone
oral solution or elixirs are also available, which may be useful for pediatric patients and those
with feeding tubes. Conversion from one systemic steroid to another requires knowledge of
equipotent dosages, which are provided in Table 1. Frequency of dosage is determined by
the half-life and duration of action for individual corticosteroids; for instance, hydrocortisone
lasts for 8-12 hours whereas dexamethasone may last for 36-72 hours [36].

Parenteral systemic formulations of steroids are also available and have a number of impor-
tant uses. Intramuscular preparations of steroids, such as methylprednisolone or triamcino-
lone acetonide, are often used to provide a delayed release of steroids over a prolonged period
of time with a relatively steady plasma concentration. Intravenous methylprednisolone and
hydrocortisone are often used in patients with life-threatening or organ-threatening inflam-
matory conditions. Very high doses of steroids can be given intravenously (termed ‘pulse
therapy’), which have been postulated to have physicochemical effects on plasmalemma of
various cells, which may modulate the function of transmembrane proteins [37]. Steroid ther-
apy has also been employed via many other parenteral routes of administration. Intralesional
triamcinolone acetonide injections have been used for the treatment of several dermatologic
disorders, such as keloids, alopecia areata, granuloma annulare, lichen planus and psoriasis.
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Steroids Dexamethasone Methylprednisolone Prednisone Hydrocortisone  Fludrocortisone
Glucocorticoid 0.75 mg 4mg 5mg 20 mg -

effect’

Mineralocorticoid - - 50 mg 20 mg 100 mcg

effect’

Duration of 36-72 hours 12-36 hours 12-36 hours 8-12 hours 12-36 hours
action (long) (intermediate) (intermediate)  (short) (intermediate)

‘Fludrocortisone has no glucocorticoid effect, while dexamethasone and methylprednisolone have negligible mineral-
ocorticoid effects

Table 1. Comparison of equivalent doses of various steroids.

Gout and other inflammatory joint disorders have been treated with intra-articular injections
of steroids. In the field of oncology, intrathecal administration of hydrocortisone along with
chemotherapeutic drugs has been used for the treatment of leukemia [38].

Inhaled preparations of corticosteroids come in the form of nebulizer solutions, metered-dose
inhalers or dry powder inhalers. Inhaled formulations are useful for the treatment of various
airway disorders as these preparations exert their maximal effects locally with minimal sys-
temic absorption. Consequently, the risk of systemic adverse effects is reduced, although oral
thrush, dysphonia and systemic adverse effects can still occur with long-term use [39]. Most
notably, children may have deceleration of growth velocity with the long-term use of cortico-
steroids [40]. In adults, long-term use of inhaled corticosteroids (ICS) may lead to accelerated
loss of bone mass and possible ophthalmic side-effects (such as increased intraocular pressure
and/or cataracts) [41]. The most commonly used inhaled steroids include beclomethasone,
fluticasone, budesonide and mometasone. Nebulized delivery of respiratory solutions pro-
vides the best delivery of medications to the lower airways when compared with metered-
dose inhalers or dry powder inhalers. Proper inhaler technique with or without the use of
spacer devices may provide equivalent effects with powder/inhaled forms of steroids as com-
pared to nebulizer administrations [42].

Topical formulations of steroids are available for use and have been utilized therapeutically
for a wide variety of dermatologic conditions. Like inhaled forms, topical use of steroids pro-
vides local effects on the skin with some systemic absorption. Consequently, local effects of
steroids are maximized, while systemic side-effects are minimized. However, use of a large
amount of topical steroids, especially if continued over a long period of time, can result in sig-
nificant systemic side-effects (as is the case with inhaled steroids) [43]. A number of vehicles
are available for the topical delivery of steroids including ointments, creams, lotions, gels,
foams and wet dressings. Topical steroids have been classified on the basis of their potency
into 7 categories viz. least potent, low potency, lower-mid potency, medium potency, high
potency, very high potency, and super-high potency. Using the correct vehicle and potency of
topical steroids is of utmost importance as inadvertent use of a weak steroid preparation may
lead to treatment failure, while use of a very potent topical preparation can lead to thinning
and atrophy of the skin [44]. It is important to bear in mind that the potency of topical steroids
is determined not only by the dermatologic diagnosis, but also by the area and extent of the
skin that is affected. For instance, genital skin or intertriginous areas are exquisitely sensitive
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to topical steroids, which make them suitable candidates for lower potency topical steroids.
On the other hand, skin of palms and soles have thick stratum corneum (the uppermost layer
of epidermis), which necessitates the use of more potent topical steroids.

5. Therapeutic use in respiratory disorders

Steroids have been approved for the use of various respiratory diseases for both pediatric
and adult populations. Both systemic and inhaled formulations of steroids have been utilized
for the treatment of various respiratory disorders. In most disorders, steroids exert a thera-
peutic effect through their anti-inflammatory or immunosuppressive effects [21]. In many
diseases, steroids can be given in the form of short intermittent courses; examples include
hypersensitivity pneumonitis, eosinophilic pneumonitis, allergic bronchopulmonary asper-
gillosis (ABPA), etc. In some diseases, such as bronchial asthma or chronic obstructive pulmo-
nary disease (COPD), inhaled steroids are continued on a long-term basis as a maintenance
therapy. Systemic steroid therapy may also be required on a long-term basis in patients with
systemic disorders or diseases refractory to other therapies, for instance sarcoidosis or col-
lagen vascular diseases. In many diseases requiring long-term immunosuppression, steroid-
sparing agents (such as azathioprine, mycophenolate, cyclosporine, tacrolimus, etc.) can be
introduced to taper off steroids and mitigate their long-term side-effects [45].

In the following lines, we discuss the use of corticosteroids in the management of various respi-
ratory disorders. A general overview of each of these diseases is provided and along with a holis-
tic view of how steroid therapy works in conjunction with other components of management.

5.1. Asthma

Bronchial asthma is a chronic inflammatory disorder of bronchi and bronchioles that results
in intermittent and reversible bronchospasm [46]. Clinical features of the disorder include
recurrent episodes of chest tightness, wheezing and shortness of breath. Most patients have a
diurnal variation in their symptoms with worsening shortness of breath and cough towards
the end of the day. Over time, patients tend to develop bronchial smooth muscle hypertro-
phy, goblet cell hyperplasia with hypersecretion of mucus, recruitment of eosinophils and
a state of chronic inflammation within the airways. Genetic predisposition to type I hyper-
sensitivity has been demonstrated in most patients with asthma, although environmental
factors also play a central role in triggering attacks of asthma [47]. Asthma has been clas-
sified into multiple subtypes depending on the type of triggers that precipitate attacks of
asthma viz. atopic asthma, non-atopic asthma, drug-induced asthma, occupational asthma,
and exercise-induced asthma. Atopic asthma is characterized by a personal or family history
of atopy, allergic rhinitis, eczema and hypersensitivity to allergens, such as pollens or dust
mites [48]. In non-atopic asthma, patients do not have hypersensitivity responses to allergens;
instead, attacks of asthma are precipitated by factors such as viral infections, cold tempera-
ture, inhaled gases (e.g. sulfur dioxide), etc. Drug-induced asthma is precipitated by drugs
such as NSAIDs or aspirin, which tip the balance towards increased synthesis of leukotrienes
with consequent bronchospasm. Likewise, occupational asthma is reportedly precipitated
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by exposure to chemicals (e.g. anhydrides, isocyanates, acids) in various industries, such as
paints, varnishes, adhesives and resins. Exercise-induced asthma is precipitated by exercise
and diagnostic testing at rest may be normal in such cases [49]. Irrespective of the type of
asthma, the core pathogenesis underlying all these types of asthma is similar.

The pathogenesis of asthma entails an inflammatory response affecting the bronchi and bron-
chioles, which is chiefly driven by a type 2 helper T (T,2) lymphocytes. When an environ-
mental allergen is inhaled, antigen-presenting cells (APCs) engulf the allergen and present
it to T lymphocytes. As a consequence of this, a T2 cell-mediated inflammatory response is
mounted. T2 cells produce an array of cytokines including interleukin (IL)-2, IL-4, IL-5 and
IL-13. IL-2 acts upon other T lymphocytes to differentiate them into T, 2 cells and promote an
amplified response [50]. IL-4 activates B lymphocytes and promotes immunoglobulin class
switching to immunoglobulin E (IgE) production. IL-5 acts on bone marrow to increase dif-
ferentiation and proliferation of eosinophils. Eotaxin is another cytokine produced by airway
epithelial cells and serves to recruit eosinophils. IL-13 is believed to stimulate mucus produc-
tion from mucus glands and goblet cells. Through these cytokines, T;,2 promote a humoral
immune response that results in production of high circulating levels of allergen-specific
IgE. IgE binds to mast cells and cross-linking of mast cell-bound IgE results in degranu-
lation of mast cells with release of histamine, tryptase and heparin sulfate. Histamine is a
potent bronchoconstrictor and is the chief mediator of bronchoconstrictor in atopic asthma.
Repeated exposure to the same allergen results in stronger activation of T,;2 lymphocytes. A
state of chronic inflammation persists within the bronchioles and results in airway remodeling,
which is a histopathological hallmark of chronic asthma [51].

Numerous pharmacologic and non-pharmacologic modalities are used in the management
of patients with asthma. Non-pharmacologic approaches include avoidance of allergens by
removing carpets from houses, avoiding exposure to animal dander, using personal protective
equipment while at work (in cases of occupational asthma), maintaining a clean environment
(reducing exposure to dust mites), and so on. Pharmacologic treatment options include short-
acting [3,-adrenoceptor agonists (SABA), short-acting muscarinic antagonists (SAMA), long-
acting 3,-adrenoceptor agonists (LABA), ICS, phosphodiesterase (PDE) inhibitors (such as
theophylline), anti-leukotrienes (such as montelukast), systemic corticosteroids, and immuno-
therapy (such as omalizumab and mepolizumab) [52]. SABA causes bronchodilation by stimu-
lating (3,-adrenergic receptors on the smooth muscle layer of bronchioles. As 3,-adrenoceptors
are G-protein coupled receptors (GPCRs), their stimulation (G ) results in activation of adeny-
lyl cyclase and increased levels of cyclic adenosine monophosphate (cAMP) inside smooth
muscle cells. This in turn activates protein kinase A and results in phosphorylation of myosin
light chain kinase, which essentially deactivates this enzyme. Consequently, dephosphoryla-
tion of myosin light chain occurs via the unregulated action of myosin light chain phosphatase,
which causes smooth muscle relaxation and bronchodilation. PDE inhibitors (such as theoph-
ylline and aminophylline) act in a similar manner by inhibiting degradation of cAMP (caused
by PDE), which results in increased level of cAMP in smooth muscle cells [53]. This results in
bronchodilation in the same manner as SABA, except that the {3,-adrenoceptor and adenylyl
cyclase are not involved in this pathway. SAMA causes bronchodilation by blocking musca-
rinic receptors and preventing vagal stimulation. Moreover, SAMA also blocks muscarinic
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M, receptors present on smooth muscle cells of bronchioles and prevent bronchoconstriction
in response to a variety of stimuli. Anti-leukotrienes effectively block bronchoconstriction in
response to leukotrienes C,, D, and E, by either blocking their target receptors (montelukast)
or reducing their synthesis (zileuton). Omalizumab is a humanized monoclonal antibody
directed against free circulating IgE and reduces levels of IgE, thereby reducing sensitivity to
allergens [54]. Mepolizumab is an antibody that binds IL-5 and blocks the signaling pathways
activated by IL-5 [55]. While mepolizumab reduces activation and recruitment of eosinophils,
its exact mechanism of action in the treatment of asthma remains unclear.

Corticosteroids act through multiple pathways in controlling asthma and are useful in the
treatment of acute exacerbations of asthma as well as long-term maintenance therapy [56].
Systemic and ICS act in a similar manner and their chief effect is reduction of airway inflam-
mation by blocking the NF«B pathway. Corticosteroids reduce the expression of the enzyme
phospholipase A, which results in decreased synthesis of arachidonic acid and its metabo-
lites [21]. Reduced levels of leukotrienes promote bronchodilation and relieve airway obstruc-
tion. Anti-inflammatory activity of corticosteroid over a long period of time can retard airway
remodeling, thereby reducing smooth muscle cell hypertrophy, thickening of the basement
membrane, and goblet cell hyperplasia [56]. Corticosteroids also have immunosuppressive
properties, which enable them to reduce levels of IgE and inhibit proliferation of T, ;2 and
B lymphocytes [31]. By reducing transcription of IL-4 and IL-5, corticosteroids also inhibit
eosinophil recruitment and activation. Furthermore, by blocking the synthesis of IL-13, mucus
secretion is reduced, which can further relieve airway obstruction.

Corticosteroids form a cornerstone of the management of asthma. Management of acute
exacerbation of asthma requires accurate assessment of the severity of the exacerbation and
appropriate triage [57]. Airway, breathing and circulation need to be secured as in any other
emergency condition. Inhaled oxygen and SABA therapy are the first and foremost in the
management of acute exacerbations. Intravenous terbutaline (3,-agonist) may also be used.
Systemic corticosteroids should also be administered to all patients with a moderate to severe
acute exacerbation of asthma, although their onset of action is after several hours. If patients
do not respond to acute SABA therapy, intravenous magnesium sulfate and/or aminophylline
infusion may also be considered. Patients with signs of fatigue (such as mental status changes
or normalization of arterial carbon dioxide levels) may require endotracheal intubation and
mechanical ventilation. In patients with long-standing asthma, a stepwise approach to ther-
apy has been proposed [58]. Again, accurate assessment of asthma control is essential to tailor
therapy to individual patients. The first step of therapy consists of non-pharmacologic mea-
sures and rescue medication (inhaled SABA) as needed. The second step is to add a low-dose
ICS (controlled medication) along with a rescue medication (inhaled SABA) as needed. The
third step is to either add LABA along with ICS or to increase the dose of ICS to medium dose.
The fourth step is to use LABA along with medium-dose ICS therapy, or to add another agent
(such as an anti-leukotriene or a PDE inhibitor). The fifth step is to use high-dose ICS therapy
along with LABA with or without other agents mentioned in step 4. The sixth step is the use
of systemic corticosteroids and/or immunotherapy along with other therapies as mentioned
in steps 1-4. Generally, refer to an asthma specialist should be considered for patients who
persistently require step 4 or higher therapies [59].
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5.2. Chronic obstructive pulmonary disease

COPD refers to a group of obstructive lung diseases which are characterized by progressive
and irreversible limitation to airflow in the setting of a chronic inflammatory state of the air-
ways and/or lung parenchyma. Generally, emphysema and chronic bronchitis are two entities
included under the heading of COPD, although these entities are not mutually exclusive and
may co-exist in a patient. Emphysema is characterized by destruction of the wall and inter-
stitium of the lung parenchyma leading to irreversible dilatation and enlargement of acini,
thereby leading to air trapping within the lungs [60]. Depending on the etiology of emphy-
sema, it can affect either whole of the respiratory acinus (pan-acinar emphysema) or portions
of it (centriacinar, distal acinar or irregular emphysema). Clinically, patients with emphysema
have been referred to as ‘pink puffers’ as they tend to have a lean built, breath with pursed
lips, are often tachypneic, and appear pink due to hypercapnia (carbon dioxide retention).
In contrast, chronic bronchitis is characterized by the presence of a productive cough for >3
consecutive months over a period of at least 2 years [61]. Interestingly, chronic bronchitis has
a‘clinical” definition as opposed to emphysema, which is defined on the basis of morphologic
and histopathological features. Patients with chronic bronchitis often have pathology affect-
ing the larger airways (i.e. bronchi) as opposed to the air-space (parenchymal) disease seen
in patients with emphysema. ‘Blue bloaters’ is a term used to refer to patients with chronic
bronchitis as they often have resting cyanosis due to hypoxemia and polycythemia, and fluid
retention due to right-sided heart failure (‘cor pulmonale’). All patients with COPD do have
a number of features in common. All patients have a demonstrable obstructive defect on pul-
monary function testing, which differentiates them from those with restrictive lung diseases.
Moreover, patients with COPD generally have a progressive, irreversible obstructive pro-
cess, which differentiates them from the intermittent, reversible obstruction seen in patients
with asthma [62]. From a physiologic standpoint, all patients with COPD have a higher than
normal lung compliance, which increases the tendency for alveoli to collapse, and makes
expiration difficult. Air trapping results in elevated residual volume and increased total lung
capacity, but a reduced forced vital capacity. Consequently, patients have an elevated func-
tional residual capacity at rest. Moreover, as the disease process progresses, patients with
emphysema develop a defect in diffusion of gases and impaired gas exchange. All these pro-
cesses increase the work of breathing and impair oxygenation and ventilation [63].

Cigarette smoking has been implicated as the main etiologic factor in the pathogenesis of
COPD [64]. Exposure to inhaled pollutants and toxins leads to production of free radicals
and oxidant stress that can damage the airway epithelial lining. On-going exposure to such
inhaled pollutants leads to accumulation of inflammatory cells (such as neutrophils, macro-
phages and lymphocytes) with release of proteolytic enzymes and a cascade of pro-inflam-
matory cytokines. This process of active chronic inflammation leads to destruction of elastin
contained in the pulmonary interstitium, which leads to dilatation of acini — the hallmark
feature of emphysema. Cigarette smoke in particular has been shown to inhibit a -antitrypsin
— an enzyme that inhibits neutrophilic elastase and prevents destruction of elastin. Inhibition
of o -antitrypsin by cigarette smoking leads to unregulated activity of neutrophilic elastase
and consequent destruction of acini. Similarly, in patients with congenital deficiency of a-
antitrypsin, pan-acinar emphysema sets in early in life, in the absence of any history of ciga-
rette smoking [65]. In patients with chronic bronchitis, cigarette smoking leads to hyperplasia
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of mucus-secreting glands in the larger airways; this is an adaptive response of the body to the
irritants contained in cigarette smoke. Accumulation of mucus plugs, co-existent emphysema
and bronchiolitis results in airflow obstruction in patients with clinical features of chronic
bronchitis [63]. In cases of both emphysema and chronic bronchitis, the core feature of patho-
genesis is on-going exposure to inhaled toxins and a state of chronic inflammation within the
smaller airways [60]. This explains why smoking cessation is the most important therapeutic
intervention in patients with COPD and reduces overall mortality in such patients.

Corticosteroids have an important role in the overall management of patients with COPD. As
is the case with asthma, corticosteroids provide a therapeutic effect in patients with COPD
by inhibiting bronchoconstriction, promoting bronchodilation, suppressing the immune
response, and having an overall anti-inflammatory effect [66]. In patients with acute exacerba-
tion of COPD, SABA and SAMA are the first-line therapeutic agents. The use of non-invasive
positive pressure ventilation (NIPPV) can reduce the need for endotracheal intubation and
reduces overall mortality in such patients. Systemic corticosteroids and antibiotics also have
an important role in the treatment of acute exacerbation of COPD, although the onset of their
action is delayed. Nebulized corticosteroids (such as budesonide) may also be added along
with other therapies. In patients with refractory respiratory failure or contraindications to
NIPPV, endotracheal intubation and mechanical ventilation may become necessary. In the
management of patients with stable COPD, ICS are a cornerstone of therapy. The optimal ther-
apy for such patients is based on their degree of airflow limitation (quantified by the forced
expiratory volume in first second of expiration [FEV,]) and clinical symptoms (quantified by
the COPD assessment test [CAT] and/or modified Medical Research Council [mMRC] scores)
[67]. The Global Initiative for Chronic Obstructive Lung Disease (GOLD) classifies patients
into one of four stages (I-IV) depending on their degree of airflow limitation (FEV, > 80%,
FEV, 50-79%, FEV, 30-49% and FEV, < 30% respectively). In patients with GOLD stage III-
IV COPD, ICS should be used in conjunction with other therapies [68]. As in patients with
asthma, SABA or SAMA are used as rescue medications as needed. LAMA alone or LABA
combined with ICS may be combined with ICS depending on the degree of airflow limitation
and clinical symptoms in individual patients. Roflumilast, a PDE inhibitor, may also be used
in patients with COPD who have frequent exacerbations despite other treatment modalities
[69]. In patients with advanced COPD, lung volume reduction surgery or lung transplant
may be needed to improve quality of life [70]. In patients with advanced COPD who have a
limited life expectancy and/or contraindications to lung transplant, hospice care may be the
best strategy to improve patients’ symptoms.

5.3. Pneumonia

Pneumonia is a term often used to indicate an infection affecting the pulmonary parenchyma.
Pneumonitis is a term that specifically refers to any inflammatory process affecting the pul-
monary parenchyma, whether infective in origin or otherwise. However, in different publica-
tions, the two terms are often used interchangeably. For the purpose of this chapter, we use
the term ‘pneumonia’ to refer specifically to infections affecting the pulmonary parenchyma.

Pneumonia is an extremely common illness affecting approximately 450 million people a
year and is also a leading cause of death among all parts of the world and across all age
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groups [71]. In the United States, pneumonia alone accounts for almost one-sixth of all deaths.
These figures seem plausible as the epithelial lining of the lungs are continuously exposed
to the atmosphere which contains a high burden of pollutants and microbes. Impairment
in host immunity, mucociliary apparatus and/or cough reflex can predispose people to the
development of pneumonia. Acute bacterial pneumonias tend to have an acute onset of a
lobar pneumonia with exudation of fibropurulent material in the alveoli and hepatization
(consolidation) of lungs. Intracellular microbes cause an atypical pneumonia with a subacute
presentation and mononuclear interstitial infiltrates. Chronic pneumonia is usually second-
ary to fastidious mycobacteria or fungal infections, which lead to granulomatous inflamma-
tion and possible cavitation of lung parenchyma. A variety of microbial pathogens can cause
pneumonia and the predisposition to infection with a particular organism is determined
by several factors, such as age, co-morbidities, vaccination status, use of immunosuppres-
sive drugs, exposure to animals, presence of microbial reservoirs, hospitalization status,
presence of endotracheal or tracheostomy tube, alcoholism, smoking, malnutrition, and so
on and so forth [72]. Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis,
Legionella pneumophila, Chlamydia pneumoniae, Mycoplasma pneumoniae, Staphylococcus aureus,
Pseudomonas aeruginosa, Klebsiella pneumoniae, Mycobacterium tuberculosis and Pneumocystis
jiroveci are some of the well-known causative organisms of pneumonia. While the aforemen-
tioned list is by no means exhaustive, a causative organism cannot be isolated in most cases of
community acquired pneumonia (CAP) [73]. A number of explanations have been proposed
to explain this phenomenon with the most likely explanation being that a significant propor-
tion of patients have pneumonia secondary to viruses, which cannot be isolated by routine
microbiological methods.

Corticosteroids are not routinely used in all cases of pneumonia. From a theoretical per-
spective, the use of corticosteroids in patients with pneumonia would seem counterintui-
tive. Pneumonia is an infection of the pulmonary parenchyma and use of antimicrobials
seems to be the prime management. Corticosteroids have been avoided in most cases of
pneumonia due to concerns that their immunosuppressive effects may actually worsen the
underlying infection. However, corticosteroids do have a role to play in selected patients
with pneumonia. The most well-established use of corticosteroids is in patients with severe
Pneumocystis jiroveci pneumonia as defined by a resting arterial partial pressure of oxygen
(Pa0,) of less than 70 mm Hg or an alveolar-arterial (A-a) gradient of PaO, of 35 mm Hg or
more (both on room air) [74]. In such patients, corticosteroids have been shown to provide
a clear benefit in terms of overall mortality and reduction in respiratory failure. Apart from
this, there have been several studies that have assessed the use of steroids in patients with
severe pneumonia in general. A randomized placebo-controlled trial by Torres et al. dem-
onstrated that the use of a short course of methylprednisolone among patients with severe
CAP reduced treatment failure [75]. A meta-analysis of 12 randomized clinical trials pub-
lished in 2015 concluded that the use of systemic corticosteroids in adults hospitalized with
CAP may reduce overall mortality by 3%, decrease hospital stay by 1 day and cut need for
mechanical ventilation by 5% [76]. Clinical guidelines generally recommend that steroids be
considered for all patients with CAP requiring hospitalization, especially those requiring
admission to the intensive care unit, although the benefits and harms should be weighed on
a case-by-case basis.
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5.4. Allergic bronchopulmonary aspergillosis

ABPA is a pulmonary disorder characterized by a hypersensitivity reaction to the allergens of
the fungus Aspergillus fumigatus, which occurs in patients with a history of bronchial asthma
or cystic fibrosis (CF). [77] ABPA has been reported to occur in 1-3% of patients with asthma,
while in patients with CF, its prevalence may be as high as 10% [78]. A. fumigatus is a spore-
forming mold that occurs ubiquitously in nature. This fungus is medically important because
it has been implicated in a number of diseases viz. ABPA, aspergilloma, invasive pulmonary
aspergillosis, allergic fungal rhinosinusitis and bronchial asthma. In patients with long-stand-
ing asthma or CF, A. fumigatus spores can grow within the lumen of airways and lead to the
formation of hyphae (molds). These fungal hyphae can trigger an IgE-mediated hypersensitiv-
ity which results in bronchial inflammation and airway destruction. Clinically, ABPA manifests
as a worsening of asthma or CF with patients complaining of wheezing and cough. Laboratory
investigations may reveal eosinophilia and elevated levels of total IgE. Skin prick tests to
Aspergillus and precipitins to A. fumigatus are positive. Radiologic studies may reveal fleeting
pulmonary opacities in the acute stage and signs of central bronchiectasis in longstanding cases.
Mucus plugging within the larger airways may be visible on roentgenograms and computed
tomograms may lead to a characteristic “finger-in-glove” appearance [77]. A diagnosis of ABPA
should be suspected in patients with a history of previously controlled asthma or CF, who
develop unexplained worsening of their disease. Diagnostic criteria have been published in
the literature in order to enable clinicians to vouchsafe a diagnosis of ABPA with certainty [79].

Management of ABPA entails the achievement of two separate goals: (a) attenuating the
hypersensitivity response to A. fumigatus; and (b) decreasing the overall burden of A. fumiga-
tus allergens. Systemic corticosteroid therapy is useful to achieve the former goal, while anti-
fungal therapy (typically itraconazole) is required for the latter [77]. Prednisone in a dose
of 0.5-2.0 mg/kg/day (or an equivalent) is often employed as first-line therapy. This dosage
is maintained for a period of 1-2 weeks, beyond which the dosage can be modified to an
alternate day regimen. Depending on the patient’s response, dose of steroids can be reduced
slowly and gradually weaned off over a period of 2-3 months. In patients who relapse when
the dose of corticosteroids is reduced, itraconazole therapy can be especially useful [80]. As
discussed previously for asthma and COPD, steroids afford a therapeutic effect in ABPA
owing to their anti-inflammatory, immunosuppressive and bronchodilator effects. Recent
studies have explored the role of omalizumab in the management of ABPA [81]. Small-scale
studies suggest that omalizumab may be useful as a steroid-sparing agent in patients with
either asthma or CF who develop chronic ABPA [82].

5.5. Sarcoidosis

Sarcoidosis is a multisystem disorder of unknown etiology characterized by the formation
of non-caseating epithelioid cell granuloma. This disorder occurs 10 times more frequently
among African Americans as compared to Caucasians and the incidence is higher among
young and middle-aged women. Interestingly, this disease affects non-smokers more often
than people who smoke. Most commonly, the disease may be discovered incidentally when
a chest radiograph reveals bilateral hilar lymphadenopathy. Patients may also present with
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a variety of clinical features including uveitis, xerophthalmia, parotidomegaly, xerostomia,
lupus pernio, skin nodules, erythema nodosum, hypercalcemia, cardiac conduction system
abnormalities, hepatomegaly and pulmonary infiltration. Given the undetermined etiology
of sarcoidosis, it is a histopathological diagnosis of exclusion [83]. Nevertheless, two clinical
variants of sarcoidosis are well-recognized and may suggest a diagnosis of sarcoidosis in the
absence of histopathological evidence. Heerfordt-Waldenstrom syndrome refers to a constel-
lation of clinical findings viz. fever, uveitis, parotidomegaly and facial palsy. Uveoparotid
fever is another term used to refer to this syndrome and, in the appropriate setting, may obvi-
ate the need for a biopsy [84]. Another variant of sarcoidosis, Loffgren’s syndrome, has been
classically described in the literature, although it may be somewhat less specific as compared
to uveoparotid fever. Loffgren’s syndrome refers to a triad of erythema nodosum, arthralgia
(or arthritis) and bilateral hilar lymphadenopathy [85]. Generally, women who present with
Loffgren’s syndrome tend to have a better prognosis compared to others. The diagnosis of
sarcoidosis requires histopathological evaluation and is one of exclusion since its etiology is
unknown. The hallmark feature on biopsies is the presence of non-caseating granuloma in
different organs and tissues of the body without an alternative explanation. Laboratory inves-
tigations may also reveal elevated levels of ACE, although this is a non-specific finding. The
differential diagnosis includes all granulomatous diseases, such as tuberculosis, histoplasmo-
sis, berylliosis, silicosis and cat-scratch disease [83].

Management of sarcoidosis is dependent upon the severity and extent of the disease at the time
of diagnosis. Pulmonary sarcoidosis has been traditionally described to have four stages [86].
Stage I refers to the presence of hilar lymphadenopathy and/or mediastinal lymphadenopathy
in the absence of any lung infiltration. Stage II refers to the presence of pulmonary reticular
opacities (predominantly in upper lung zones) along with hilar and/or mediastinal lymphade-
nopathy. Stage III refers to the presence of pulmonary fibrosis and/or reticular infiltrates with
resolution of hilar and/or mediastinal lymphadenopathy. Stage IV refers to an advanced stage
of “burnt out” disease in which diffuse pulmonary fibrosis with volume loss and bronchiectasis
is evident in the absence of any lymphadenopathy. Fortunately, a substantial proportion of
patients with pulmonary sarcoidosis do not require treatment as most of them have asymptom-
atic, non-progressive disease. Treatment is necessary for patients who have severe disease at the
time of presentation, those who report bothersome symptoms, or those who demonstrate evi-
dence of progressive disease upon follow-up [87]. Likewise, in patients with extra-pulmonary
disease, treatment is generally indicated to prevent end-organ damage. First-line treatment is
to begin prednisone at a dose of approximately 40 mg/day (0.6 mg/kg) and continue for about
4-6 weeks. If there is no clinical and/or radiographic improvement, this dose of prednisone (or
an equivalent steroid) can be continued for another 4 weeks. Once the patient shows evidence of
clinical improvement, reduction in dosage of steroids can be started. There is no evidence avail-
able to support a particular steroid tapering schedule. Most clinicians would gradually reduce
the dose of prednisone to 10-15 mg/day (approximately 0.2 mg/kg); this maintenance dose of
prednisone (or an equivalent steroid) would then be continued for a period of approximately
6 months with frequent monitoring of pulmonary function tests (PFTs) and radiologic studies.
The usual duration of treatment with prednisone (or equivalent steroid) is almost 1 year. In
cases where patients have disease refractory to steroids, patients experience relapses when ste-
roids are tapered, or patients develop serious adverse effects related to steroids, steroid-sparing
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immunosuppressive agents (methotrexate, azathioprine or biologic agents) can be tried [88].
For patients who are at risk of steroid-induced adverse effects and have stage I-II pulmonary
disease (or evidence of slowly progressive disease), inhaled corticosteroid therapy may be a fea-
sible alternative to systemic corticosteroids [89]. Budesonide 800-1600 mcg inhaled twice daily
has been most studied in this context. Fluticasone propionate 500-1000 mcg inhaled twice daily
is also a possible alternative option.

5.6. Collagen vascular diseases

Collagen vascular diseases comprise of a group of disorders characterized by auto-immunity
to antigens contained within blood vessels and extracellular matrix of various organs. A large
number of diseases affecting connective tissue of the body are included under this heading. A
substantial proportion of rheumatologic diseases and auto-immune vasculitides are included
in this category with the most notable ones being systemic sclerosis (SSc), polymyositis (PM),
dermatomyositis (DM), systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), gran-
ulomatosis with polyangiitis (GPA), eosinophilic granulomatosis with polyangiitis (EGPA),
microscopic polyangiitis (MPA), Goodpasture syndrome (GPS) and relapsing polychondritis
(RPC). Sometimes, vascular diseases are also included in this category irrespective of whether
auto-immunity is implicated in pathogenesis or not.

Nearly all collagen vascular diseases can affect the lung in a variety of ways. This is not
surprising since the lungs are rich in both connective tissue and blood vessels. Abundant
pulmonary vasculature is necessary for gaseous exchange, while abundant collagen and
elastin fibers in the interstitium are necessary to support the dynamic chest wall-lung
breathing system [90]. In the following lines, we briefly discuss the spectrum of pulmo-
nary pathologies seen in various collagen vascular diseases and the role of steroids in their
management.

SSc is a disorder characterized by progressive fibrosis affecting multiple organs of the body
including the skin, kidneys, lungs and other organs [91]. Within the pulmonary system, SSc
can lead to the development of ground-glass opacities, which can slowly progress to fibro-
sis of the lung parenchyma. The most common pattern of pulmonary fibrosis seen in SSc is
similar to that of usual interstitial pneumonitis (UIP) and may be histologically indistinguish-
able from rheumatoid lung or idiopathic pulmonary fibrosis (IPF). In some cases, SSc may
involve the lung in a pattern similar to that of idiopathic non-specific interstitial pneumonitis
(NSIP). Progressive pulmonary impairment in SSc is a sign of worse prognosis and mandates
aggressive treatment [92]. The decision to start treatment with immunosuppressive agents
is based on clear evidence of progressive pulmonary damage as demonstrated by radiologic
worsening or decline in pulmonary function as measured by PFTs. Two pharmacologic agents
have been studied for the treatment of SSc-related interstitial lung disease (ILD): mycopheno-
late and cyclophosphamide [93]. Mycophenolate is often prescribed as monotherapy and the
usual duration of immunosuppressive therapy is approximately 2 years. Cyclophosphamide
therapy can be given as intravenous injections or oral therapy and it is generally combined
with corticosteroid therapy. Oral cyclophosphamide is given daily and necessitates a higher
cumulative dosage of the drug; on the other hand, intravenous cyclophosphamide is given
once monthly and allows a lower cumulative dosage with a lower incidence of adverse effects.
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Cyclophosphamide therapy is continued for a few months and thereafter, it is transitioned
to an alternative immunosuppressive agent (such as azathioprine or mycophenolate). Most
clinicians prefer a daily oral dosage of low-dose prednisone (7.5-10 mg) along with cyclo-
phosphamide as it is associated with a lower incidence of scleroderma renal crisis. However,
some small studies have also reported the use of pulse-dose methylprednisolone along with
cyclophosphamide [94]. Generally, pulse steroid therapy should be reserved for patients with
SSc who have another organ-threatening manifestation necessitating their use.

PM and DM are auto-immune diseases that primarily affect muscles and skin, but in severe
cases, involvement of other organ systems (including the respiratory system) can occur. The
pathogenesis of PM entails a primary injury to skeletal muscles that is mediated by T lympho-
cytes, while in DM, immune complex deposition occurs in blood vessels and skin followed
by complement activation that leads to injury and inflammation of the skin and muscles [95].
Pulmonary manifestations may be due to aspiration pneumonitis (a consequence of bulbar
muscle weakness), respiratory failure (secondary to diaphragmatic involvement or chest wall
muscle weakness) and/or acute alveolitis. ILD associated with PM or DM has been associated
with the presence of antibodies against aminoacyl-transfer ribonucleic acid (tRNA)-synthe-
tase and can occur as part of the antisynthetase syndrome [96]. The spectrum of ILD asso-
ciated with PM/DM ranges from a chronic, slowly progressive UIP to an acute interstitial
pneumonitis with diffuse alveolar damage (DAD); NSIP or bronchiolitis obliterans organizing
pneumonitis (BOOP) can also occur [97]. Depending on the severity of the disease, glucocor-
ticoid therapy alone or in association with other immunosuppressive agents may be required.
Since most patients with PM/DM require systemic glucocorticoid therapy, such corticoste-
roid therapy may suffice for the pulmonary manifestations as well in many cases. In patients
with severe disease at baseline or rapidly progressive ILD, pulse-dose methylprednisolone
therapy followed by systemic glucocorticoid therapy (such as prednisone 1 mg/kg/day) along
with cyclophosphamide (or other immunosuppressive agents) may be required. Intravenous
immunoglobulin (IVIG) and/or rituximab have also been used in severe cases [98]. In most
patients who receive glucocorticoid therapy, another immunosuppressive agent (usually aza-
thioprine or mycophenolate) is also started at the same time and continued for a prolonged
period of time (as glucocorticoids are tapered off).

SLE is a systemic auto-immune disease with protean manifestations that can affect nearly
every organ-system of the body, but, occurs more frequently in women. Diagnosis is based
on exclusion of alternative diagnoses and by applying the classification criteria proposed by
the American College of Rheumatology (1997) or Systemic Lupus International Collaborating
Clinics (2012) [99]. Pulmonary manifestations of SLE include pleuritis or pleural effusions,
pulmonary hypertension, diffuse alveolar hemorrhage (DAH), acute interstitial pneumoni-
tis, ILD and/or shrinking lung syndrome (SLS) [100]. ILD associated with SLE can take one
of several histologic forms including NSIP, UIP, BOOP, lymphocytic interstitial pneumoni-
tis (LIP), follicular bronchitis and/or nodular lymphoid hyperplasia. The general approach
to the management of these pulmonary manifestations is similar to that for PM/DM asso-
ciated ILD. Aggressive immunosuppressive therapy (i.e. pulse steroid therapy along with
cyclophosphamide, rituximab or IVIG) is used for patients with acute interstitial pneumo-
nitis or DAH. Plasmapheresis may also be employed for the management of patients with
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DAH. NSAID therapy (if not contraindicated) is used for patients with pleuritis [101]. Long-
term immunosuppressive therapy may be required for patients with ILD or SLS.

RA is an auto-immune disorder that results in chronic, symmetric, progressive, erosive poly-
arthritis which can affect any synovial joint of the body. Extra-articular manifestations of this
disease are common and occur in 20-40% of affected patients. Pulmonary manifestations may
include arthritis of the cricoarytenoid joints, vasculitis affecting the recurrent laryngeal nerve,
bronchiolitis obliterans, pleuritis with pleural effusions, pulmonary nodules, pulmonary hyper-
tension and/or UIP [102]. Management of RA is with disease modifying anti-rheumatoid drugs
and/or biologic agents [103]. NSAIDs may be used for management of pain. Short courses of
systemic corticosteroids are used to manage acute exacerbations of RA. Systemic corticosteroid
therapy is also useful for patients who develop rheumatoid vasculitis or bronchiolitis obliter-
ans. ILD associated with RA is treated in a similar fashion as that due to SLE or PM/DM [104].

GPA, EGPA and MPA are small-vessel vasculitides associated with the presence of antineutro-
phil cytoplasmic antibodies (ANCA). GPA is a necrotizing, granulomatous vasculitis that fre-
quently affects the nose, paranasal sinuses, upper airways, lungs and kidneys [105]. EGPA is
a granulomatous vasculitis that is often associated with a history of asthma and eosinophilia,
but can involve multiple organ-systems of the body [106]. MPA is another ANCA-related
small-vessel vasculitis that is non-granulomatous and can affect multiple organ-systems of
the body, although it usually spares the paranasal sinuses and upper airways [107]. GPS is
an auto-immune disorder characterized by the formation of auto-antibodies against type IV
collagen present in basement membrane. This disease principally affects the alveolar and glo-
merular basement membranes resulting in DAH and rapidly progressive glomerulonephritis
respectively [108]. DAH and/or DAD can also occur in GPA, EGPA or MPA. Treatment of
these disorders entails aggressive immunosuppression; pulse steroid therapy is combined
with either rituximab or cyclophosphamide therapy. IVIG and/or plasmapheresis are also
used in conjunction with immunosuppression. Patients who receive cyclophosphamide ther-
apy are usually switched over to an alternative immunosuppressive agent, such as azathio-
prine or methotrexate. Patients who received rituximab initially may be maintained on the
same agent or switched over to azathioprine or methotrexate [109].

RPC s a rare auto-immune disease that leads to inflammation and destruction of cartilaginous
structures of the body. Auricular chondritis (sparing the earlobe), nasal chondritis (may lead
to saddle-nose deformity), scleritis (or episcleritis), orbital pseudotumor, non-erosive arthri-
tis, laryngeal inflammation, tracheal stricture, bronchial obstruction with post-obstructive
pneumonia, and/or mitral or aortic regurgitation are some of the prominent clinical features
of this disease [110]. Approximately one-third of cases occur in association with other rheu-
matologic diseases or malignancy. Patients with auricular or nasal chondritis and/or arthritis
in the absence of other organ involvement can be treated with NSAIDs alone. Systemic cor-
ticosteroid therapy is used in patients with life or organ-threatening disease [111]. Dapsone
or other immunosuppressive agents may be used in combination with, or in place of, corti-
costeroids; evidence does not support the use of any particular immunosuppressive agent
over others. Surgical treatment or airway stenting may be required in patients who develop
laryngeal or tracheal disease [112].
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5.7. Eosinophilic pneumonitis

Eosinophilic pneumonitis may present either as an acute eosinophilic pneumonia or a more
indolent chronic eosinophilic pneumonia. Patients with acute idiopathic eosinophilic pneu-
monia generally present with an acute febrile illness and progressive respiratory failure [113].
Most patients have a history of new onset or resumption of cigarette smoking, although
heavy inhalational exposure to fine sand and dust may also precipitate this illness. Peripheral
eosinophilia is generally absent at presentation, although it may develop later in the disease.
Computed tomography usually shows bilateral patchy ground-glass opacities or reticular
infiltrates. Bronchoalveolar lavage (BAL) may reveal a preponderance of eosinophils. Lung
biopsies usually show marked eosinophilic infiltration of the interstitium and alveolar spaces
with DAD and absence of hemorrhage or granuloma [114]. Treatment is with systemic corti-
costeroid therapy (usually prednisone 1 mg/kg) continued for a period of 2 weeks followed by
a gradual taper over the next 4 weeks. Most patients respond dramatically to steroids within
24-72 hours and respiratory failure resolves rapidly [115].

Chronic eosinophilic pneumonia is an idiopathic disorder that presents with cough, fever,
dyspnea and wheezing that progress over a period of several weeks to months. Radiologic
findings of this disorder have been classically described as the “photographic negative of
pulmonary edema” i.e. bilateral peripheral pleural-based opacities [116]. BAL reveals a pre-
dominance of eosinophils with the eosinophil count often exceeding 25% of leukocyte count.
BAL and/or lung biopsy are also useful in excluding alternative causes, such as drug-induced
or infectious causes. Treatment of chronic eosinophilic pneumonia is similar to that for acute
eosinophilic pneumonia, although systemic corticosteroid therapy is generally tapered slowly
over a period of 6 months (or more) [117].

5.8. Lymphocytic interstitial pneumonitis

LIP is characterized by benign polyclonal proliferation of lymphocytes with infiltration of
pulmonary interstitium and alveolar spaces with lymphocytes and plasma cells. This dis-
order often occurs in association with rheumatologic diseases or human immunodeficiency
virus (HIV) infection [118]. Patients may be asymptomatic or they may present with cough,
dyspnea and/or constitutional symptoms. Radiologic studies may reveal ground-glass opaci-
ties, centrilobular nodules (or masses), septal thickening and/or lung cysts. Thoracoscopic or
open lung biopsies are necessary in most cases to confirm the diagnosis and exclude alterna-
tive diseases [119]. Treatment of patients with asymptomatic disease may be watchful wait-
ing with frequent monitoring. For patients with symptomatic disease, systemic corticosteroid
therapy (usually prednisone 0.5 mg/kg/day) is used and gradually tapered over a period
of 6-12 months. For patients who do not respond to steroids or relapse during taper, other
immunosuppressive agents (azathioprine, cyclosporine, cyclophosphamide or rituximab)
may be used [120]. For patients with HIV infection, highly active antiretroviral therapy is
used as first-line treatment (instead of corticosteroid therapy). However, corticosteroid ther-
apy will be needed for patients with HIV infection who continue to experience worsening LIP
despite antiretroviral therapy [121]. Infrequently, LIP may undergo malignant transformation
and evolve into a pulmonary lymphoma.
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5.9. Hypersensitivity pneumonitis

Hypersensitivity pneumonitis (also known as extrinsic allergic alveolitis) refers to a group of
diseases that develop secondary to numerous agricultural dusts, microorganisms, bioaerosols
and/or reactive chemical species. Prompt diagnosis of hypersensitivity pneumonitis is impor-
tant as the disease is reversible in its early stages. Correct diagnosis is usually based on a com-
patible exposure history, clinical assessment, radiographic findings and response to avoidance
of the suspected etiologic agent [122]. Acute hypersensitivity pneumonitis often occurs follow-
ing heavy exposure to an inciting agent and is usually confused with CAP. Patients present
with fever, chest pain, cough and dyspnea about 6 hours following exposure. In most cases,
symptoms improve within a few days after cessation of exposure to inciting agent, although
radiographic resolution requires several weeks. Skin testing to allergens is not useful and
serum precipitins may have a high false negative rate. Bronchoscopy with BAL shows lym-
phocytosis exceeding 20% (often >50%) and the BAL CD4+/CD8+ ratio is usually decreased
to less than 1.0 [123]. Characteristic radiographic findings on computed tomography include
mid-to-upper zone predominance of centrilobular ground-glass or nodular opacities with
signs of air-trapping. Histopathological findings may reveal poorly formed granulomas and/
or a patchy mononuclear infiltration near the alveolar walls [124]. Subacute hypersensitivity
pneumonitis presents with productive cough, dyspnea, fatigue, anorexia, and weight loss.
Most patients have mixed obstructive and restrictive abnormalities on PFTs with a reduction
in diffusion capacity. Radiographic findings may include diffuse micronodules, ground-glass
opacities, or mild fibrotic changes predominantly involving the middle to upper lung zones.
Bronchoscopy with BAL may reveal lymphocytosis and negative cultures. Lung biopsy may
reveal poorly formed, noncaseating granulomas in the pulmonary interstitium with fibrosis and
bronchiolitis [125]. Removal of the inciting agent results in complete resolution of findings over
a longer period of time (weeks to months) and most patients require systemic glucocorticoid
therapy. In the chronic progressive form of hypersensitivity pneumonitis, patients present with
cough, dyspnea, fatigue, and weight loss. Physical examination may reveal digital clubbing and
hypoxemia. Radiographic studies will show widespread pulmonary fibrosis; BAL may reveal
lymphocytosis. Lung biopsy is necessary to demonstrate granulomatous pneumonitis, diffuse
interstitial pneumonitis, bronchiolitis obliterans and distal destruction of alveoli (honey-comb-
ing) with densely fibrotic zones [126]. At this stage, removal of exposure to the inciting agent
will only lead to partial improvement. Corticosteroid therapy (usually 0.5-1 mg/kg/day of pred-
nisone) should be prescribed to all symptomatic patients with hypersensitivity pneumonitis.
Gradual tapering of steroid dosage can be started after 2 weeks and tapered over the ensuing
24 weeks in most patients [127]. In patients with chronic hypersensitivity pneumonitis and
extensive pulmonary fibrosis, lung transplantation may be a viable treatment option.

5.10. Idiopathic interstitial pneumonitis

IIP refer to a group of idiopathic ILDs that are characterized by infiltration of the pulmonary
interstitium with inflammatory cells and consequently result in progressive fibrosis. IIP is a
broad umbrella category that includes a number of different disease entities with distinct his-
tologic patterns, natural course and prognosis [128]. The American Thoracic Society (ATS) and
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European Respiratory Society (ERS) classification [129] has recognized 6 major IIPs: (i) idiopathic
pulmonary fibrosis (IPF); (ii) idiopathic NSIP; (iii) cryptogenic organizing pneumonitis (COP);
(iv) respiratory bronchiolitis (RB) associated ILD; (v) acute interstitial pneumonitis (AIP); and
(vi) desquamative interstitial pneumonitis (DIP). Two other ILDs are also included in the ATS/
ERS classification as rare IIP viz. idiopathic LIP and idiopathic pleuroparenchymal fibroelastosis
(PPFE). A category of unclassifiable IIP is also included in the ATS/ERS classification which is
reserved for those IIPs which do not fit the criteria for any specific category of IIP.

IPF and idiopathic NSIP are both ILDs that run a chronic course with most patients experi-
encing symptoms for many months prior to diagnosis. IPF usually presents in the sixth to
seventh decades of life. Typical radiologic findings include bibasilar subpleural fibrosis with
traction bronchiectasis and honeycombing in the later stages. IPF is characterized histologi-
cally by a UIP pattern with a temporal and geographical heterogeneity, patchy involvement
of the lung parenchyma, presence of architectural distortion and fibroblast foci and absence
of features suggesting an alternative pattern [130]. Two novel tyrosine kinase inhibitors — pir-
fenidone and nintedanib—have been approved for the treatment of IPF [131]. Despite this, the
overall prognosis for IPF remains poor. Systemic corticosteroid therapy is often employed for
patients who develop acute infective exacerbation of IPF, although high quality evidence in
support of this practice is lacking [132]. Idiopathic NSIP is a distinct clinical entity and tends to
have a subacute presentation and a better prognosis as compared to IPF. Histologically, NSIP
is characterized by temporal and geographical homogeneity with uniform involvement of the
lung parenchyma, mononuclear cell infiltration of the interstitium and relative preservation of
lung architecture [133]. The term “non-specific” is used because the histologic appearance of
NSIP lacks the characteristic features of UIP, DIP, RB-ILD or AIP. Radiologic findings include
bibasilar subpleural reticular shadowing with traction bronchiectasis, ground-glass opacities
and absence of honeycombing. Alternative causes of NSIP, such as collagen vascular diseases,
drugs and infections, need to be excluded. Treatment of NSIP is with systemic corticosteroid
therapy, usually prednisone 1 mg/kg, gradually tapered over 6-12 months [134]. Pulse-dose
methylprednisolone therapy has also been used in those with severe disease on presentation.
In patients who relapse or remain refractory despite systemic corticosteroid therapy, a second
immunosuppressive agent is added to prednisone.

Cigarette smokers tend to have a number of subclinical pulmonary interstitial abnormalities
identifiable on histopathology [135]. These subclinical abnormalities do not meet the criteria
for any particular ILD or IIP. Smoking-related ILD include RB-ILD, DIP and Langerhans cell
histiocytosis. Langerhans cell histiocytosis is a separate disease entity and is generally not
included under the heading of IIP. Both DIP and RB-ILD occur in smokers, usually with a
smoking history of over 30 pack-years, most often in the third to fourth decades of life; men
are more commonly affected [136]. In DIP, radiologic studies reveal bilateral ground-glass
opacities without the peripheral reticular shadowing typical of UIP. In RB-ILD, radiologic
findings may include scattered ground-glass opacities along with bronchial wall thickening.
Lung biopsy in DIP shows uniform histopathological findings and lacks the patchy nature typi-
cal of IPF. Honeycombing is characteristically absent and a striking feature is the presence of
numerous “smokers’ macrophages” within the distal airspaces [137]. DIP is actually a misno-
mer as these macrophages were originally believed to be desquamated pneumocytes. A smoker
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macrophage is a macrophage that contains fine brown pigment flecked with tiny blackish par-
ticles; these cytoplasmic particles stain well with Prussian blue (iron content) and periodic acid
Schiff (polysaccharides) stains. RB-ILD has a histopathological appearance somewhat similar to
DIP in that numerous smoker macrophages are noted; however, these pigmented macrophages
are abundant within the lumen of respiratory bronchioles [138]. Moreover, the histopathologi-
cal findings seen in RB-ILD have a bronchiolocentric distribution, whereas DIP tends to affect the
lung in a rather uniform and diffuse manner. The management of DIP and RB-ILD is similar;
smoking cessation is the first line of management [139]. For patients who continue to experience
symptoms and have worsening PFTs, systemic corticosteroid therapy is used. Rarely, other
immunosuppressive agents may be used if patients do not improve, although evidence in this
regard is scarce. Given the considerable overlap between RB-ILD and DIP, some researchers
have suggested that the two categories may be merged together into a single group [140].

COP is the term applied to the idiopathic form of BOOP. This clinical disorder is characterized
by an inflammatory pneumonitis and a proliferative bronchiolitis that results in excessive pro-
liferation of granulation tissue within the smaller airways [141]. COP often presents with an
acute or subacute clinical picture and mimics CAP with a lack of response to antibiotics. Patients
are most often in their fifth or sixth decades of life and both sexes are affected equally. In many
cases, a flu-like illness may precede the onset of COP. As is the case with other IIP, secondary
causes of organizing pneumonia (such as drugs, collagen vascular diseases and infections)
need to be excluded. PFTs reveal a restrictive defect with impairment of gaseous exchange (dif-
fusion capacity). Radiologic studies show multiple patchy ground-glass opacities or peripheral
consolidations [142]. Bronchoscopy with BAL is often performed to exclude other diagnoses
such as infections, drug-induced pneumonitis, hypersensitivity pneumonitis, chronic eosino-
philic pneumonitis and malignancy. In COP itself, BAL typically reveals a “mixed pattern”
of increased cellularity (i.e. smaller proportion of macrophages and higher proportions of
lymphocytes, neutrophils and eosinophils). Although transbronchial lung biopsy may be per-
formed at the time of bronchoscopy, most patients suspected of having COP or other ILD
require a thoracoscopic or open lung biopsy (i.e. via thoracotomy) to yield adequate specimens
for histopathological evaluation [143]. Systemic corticosteroid therapy is the mainstay of treat-
ment. Prednisone 1 mg/kg/day is usually started, unless the patient has severe symptoms or
frank respiratory failure in which cases, IV methylprednisolone 500-1000 mg/day for 5 days
may be used initially. Patients usually respond clinically to corticosteroids within a few days to
a few weeks. Corticosteroid therapy is generally tapered over a period of 6-12 months. Other
immunosuppressive agents may be used in patients who have COP refractory to steroids, or
those who relapse frequently despite moderate doses of corticosteroids [144].

AIP (also known as Hamman-Rich syndrome) has a much more aggressive and acute dis-
ease course as compared to other ILD and it is similar to acute respiratory distress syndrome
(ARDS) in terms of its worse prognosis. In fact, AIP differs from ARDS only in that it has no
identifiable triggering event (i.e. it is idiopathic); otherwise, the histological pattern of AIP is
identical to that for ARDS (DAD) [145]. Clinically, it presents with acute onset of rapidly wors-
ening respiratory failure with diffuse airspace shadowing on plain radiographs. Computed
tomography reveals bilateral diffuse ground glass opacities and/or consolidations with
lobular sparing. The histologic hallmark of AIP is DAD as characterized by diffuse airspace
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organization with or without the formation of hyaline membranes and alveolar septal thick-
ening (due to diffuse organizing fibrosis) with a geographic and temporal homogeneity [146].
As for other IIP, cultures should be negative and granulomas, viral inclusions or eosinophils
should be absent on histopathology. AIP requires aggressive treatment with high doses of
glucocorticoids —typically methylprednisolone 1-2 g/day in divided doses for 3-5 days, fol-
lowed by systemic glucocorticoid therapy for several weeks to months [147]. The mortality
of AIP is almost 50%, and even in patients who survive the acute illness, recurrence of AIP or
progression to a chronic ILD frequently occurs [148].

5.11. Laryngotracheitis (croup)

Laryngotracheitis (also known as croup) is a viral infection caused by parainfluenza viruses
(most commonly, type 1) and often affects children in the first 3 years of life with a slight predis-
position for boys. Clinical symptoms include low-grade fever, dyspnea, inspiratory stridor and
a characteristic barking cough. In older children, hoarseness may also be noticeable. In some
cases, inflammation may extend to the lower airways and result in laryngotracheobronchitis
or even superimposed bacterial laryngotracheobronchopneumonitis [149]. While croup is typi-
cally caused by parainfluenza viruses, other viruses may also cause croup in certain cases; these
include respiratory syncytial virus, influenza virus, rhinoviruses and human metapneumo-
viruses [150]. Plain chest radiographs may show narrowing of the subglottic area, frequently
referred to as the steeple sign—owing to its resemblance to the steeple of a church). It should
be noted here that croup is different from bacterial tracheitis, acute epiglottitis and viral bron-
chiolitis. Bacterial tracheitis is a bacterial infection of the trachea that results in a thick purulent
exudate in the trachea, frequently with involvement of the lower airways (tracheobroncho-
pneumonitis) [151]. Acute epiglottitis is an infection that was frequently caused by Haemophilus
influenzae prior to the widespread use of the “Hib” vaccine. Most cases in vaccinated children
and adults are caused by streptococcal or staphylococcal infections. Epiglottitis generally has a
more rapid onset and aggressive course than croup and children tend to have high-grade fever
and a toxic appearance [152]. Airway obstruction may be precipitated by physical examination
or manipulative procedures, such as laryngoscopy. Viral bronchiolitis is an infection that usu-
ally occurs in infants and children below the age of 2 years. Most infections are caused by respi-
ratory syncytial virus and present with fever, cough, dyspnea and wheezing [153]. Bronchiolitis
is treated with supportive care only and corticosteroids have no role in management.

Treatment of croup involves supportive care with humidified oxygen therapy and anti-pyret-
ics, adequate hydration, corticosteroids and nebulized epinephrine [154]. A strong body of
evidence suggests that the use of either nebulized budesonide or single-dose dexamethasone
provides benefits in terms of reducing length of hospital stay and decreasing visits to the
emergency department [155]. The Westley croup score can be used to grade the severity of
croup [156]. Patients with mild croup may be managed at home with a single dose of oral
dexamethasone 0.6 mg/kg. Patients with moderate croup may be admitted to the hospital and
administered an intramuscular or intravenous dose of dexamethasone along with repeated
nebulizations of epinephrine [157]. In patients with severe croup and impending respiratory
failure, admission to the intensive care unit may be necessary with a plan for endotracheal
intubation in the presence of anesthesiologist and/or otorhinolaryngologist.
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5.12. Exacerbation of cystic fibrosis

CF is an autosomal recessive disorder that results from genetic mutations in the cystic fibrosis
transmembrane conductance regular (CFTR) chloride channel. CF is the most common lethal
genetic disorder in the European population with an incidence of about 1 in 2500 live births
[158]. The most common genetic mutation responsible for CF worldwide is the AF508 mutation
which results in deletion of a phenylalanine residue at the 508’ position of the CFTR channel. This
mutation has a prevalence of about 70% in patients with CF. Interestingly, of the 2000 mutations
described in CFTR, only 4 of the remaining mutations have a prevalence of greater than 1% [159].
In some parts of the world, mutations other than the AF508 mutation are relatively common; for
instance, the G551D mutation is common in the Middle East region [160-164]. Despite the devel-
opment of novel targeted therapies for CF patients [165], the median survival for CF patients
remains at 37 years—although it has been consistently improving over the past few decades [166].
In patients with CF, defective functioning of the CFTR gene results in protean manifestations,
such as sinonasal polyposis, bronchiectasis, chronic pancreatitis with pancreatic insufficiency,
CF-related diabetes mellitus, gut pathologies (meconium ileus, meconium ileus equivalent and
intestinal atresia), osteoporosis, malnutrition, infertility and delayed puberty [159]. However, the
most disabling of these manifestations is lung disease; defective mucociliary clearance leads to
recurrent and persistent infections with virulent organisms, resulting in progressive and cumula-
tive lung damage and development of bronchiectasis and end-stage lung disease [166].

Patients with CF frequently present with recurrent and disabling infective exacerbations of their
lung disease. The microbiologic agents implicated in pneumonia and lower respiratory tract
infections among patients with CF are distinct from that of the general population [167-170].
The management of pulmonary disease in patients with CF is best carried out in dedicated CF
centers with a multidisciplinary team that is experienced in the care of such patients [171]. In
patients presenting with acute infective exacerbations of CF, good evidence is available to sub-
stantiate the role of antibiotics, pulmonary toilet, bronchodilators, ventilatory support and muco-
lytics [172]. The use of corticosteroids in the management of patients with CF is controversial.
Systematic reviews of randomized controlled trials suggest that the use of inhaled or systemic
corticosteroid on a chronic basis in patients with CF without evidence of asthma or ABPA causes
more harm than meaningful benefits [173, 174]. However, in patients with CF who present with
an acute infective exacerbation, some data suggest that short-term corticosteroid therapy may
be beneficial. In a randomized controlled trial, Tepper and colleagues demonstrated that use of
a short course of intravenous hydrocortisone in patients with acute infective exacerbation of CF
provided a greater and sustained improvement in pulmonary function [175]. However, guide-
lines from the CF Foundation conclude that larger studies would be needed to further evaluate
the efficacy of corticosteroids in acute exacerbations of CF vis-a-vis their safety [176].

5.13. Acute respiratory distress syndrome

ARDS is the development of acute hypoxic respiratory failure in response to an identifiable
inciting event, which is characterized pathologically by a diffuse inflammatory process involv-
ing the lung that leads to increased vascular permeability, generalized alveolar edema, loss of
aerated tissue and markedly decreased lung compliance [177]. ARDS can occur in response to
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a wide range of etiologies including sepsis, acute pancreatitis, trauma, drowning, burns, aspi-
ration, transfusion-related acute lung injury, and so on; however, all these clinical entities are
grouped together under the heading of ARDS as their clinical management is similar [178].
Clinically, ARDS presents with worsening hypoxemia and respiratory failure that develops
within 24-72 hours of an inciting event. Patients typically have severe tachypnea and hypox-
emia with accessory muscle use and respiratory distress on examination; chest auscultation
may reveal bilateral diffuse crackles. Plain radiographs reveal bilateral airspace shadowing,
which may be patchy in the initial stages, and coalesce later to a more homogeneous pat-
tern in later stages. Arterial blood gas analysis will typically show respiratory alkalosis with
hypoxemia and an elevated A-a gradient. The degree of hypoxemia can be quantified by the
ratio of PaO, to the fraction of inspired oxygen (FiO,) [179]. Computed tomography reveals
widespread airspace opacities that may coalesce and are more prominent in the dependent
parts of the lung. Histopathologically, the hallmark feature of ARDS is DAD (similar to AIP)
with or without the presence of focal alveolar hemorrhage and hyaline membranes [180]. As
per the Berlin definition, ARDS can be diagnosed if a patient has impairment in oxygenation
(as measured by a PaO,/FiO, ratio of <300 mm Hg) with bilateral airspace opacities on chest
radiographs (not fully explained by lung collapse, pulmonary nodules or pleural effusions)
that started within a week of a known clinical insult and are not secondary to cardiac failure
or fluid overload as assessed by an objective assessment method (such as echocardiography)
[181]. The PaO,/FiO, ratio can be used to quantify the oxygenation impairment and stratify
the severity of ARDS into severe (PaO,/FiO, < 100 mm Hg), moderate (PaO,/FiO, 101-200 mm
Hg) or mild (PaO,/FiO, 201-300 mm Hg) [182].

Management of ARDS is centered on mechanically ventilating patients with lung protec-
tive strategies. Low tidal volume ventilation is the mainstay of management while tolerating
permissive hypercapnia and using high PEEP to maximize alveolar recruitment and prevent
atelectasis [183]. In patients with very severe ARDS, prone positioning techniques and extra-
corporeal membrane oxygenation may be necessary to support life [184]. The use of cortico-
steroids in patients with ARDS is controversial and remains contentious to date. There is good
evidence to suggest that corticosteroids should not be used >14 days after onset of ARDS as
there is no demonstrable benefit and clear evidence of harm [185]. Moreover, in patients who
develop ARDS due to a steroid-responsive etiology, corticosteroids should be used early in the
course of the disease [186]. In patients with severe ARDS secondary to a disease process that
is not treated with corticosteroids, initiation of systemic corticosteroids early (<14 days) in the
course of the disease may offer some benefit. Several meta-analyses have been published to
evaluate the impact of steroids on mortality in ARDS and their results have been conflicting.
Three meta-analyses suggest that there is no benefit of steroids in terms of overall mortal-
ity, but, they help to improve gas oxygenation, reduce duration of mechanical ventilation
and decrease overall stay in the ICU [187-189]. Two other meta-analyses reported that use of
systemic corticosteroids provided a reduction in overall mortality and reduced the duration
of mechanical ventilation [190, 191]. In the light of such conflicting evidence, use of systemic
corticosteroids in patients with severe ARDS remains at the discretion of the treating clinician.
Critical care physicians should assess each case individually and decide whether to adminis-
ter corticosteroids or not based on their perceived benefits and possible adverse effects.
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5.14. Lung transplantation and transplant-related complications

Lung transplant is used as a treatment modality for a wide variety of disorders that lead to
end-stage lung disease with the most common ones being COPD, IPF, CF, a,-antitrypsin defi-
ciency and idiopathic pulmonary arterial hypertension [192]. Both single-lung and double-
lung transplantation procedures are increasingly being performed; however, the availability
of donor lungs is the main limiting factor to the number of procedures that can be performed.
The basic selection criteria for lung transplantation include: (a) the presence of severe lung dis-
ease for which medical therapy is unavailable or ineffective and mortality without transplan-
tation is estimated to be >50% within 2 years; (b) satisfactory psychosocial support system; (c)
likelihood to withstand lung transplant surgery is >80%; and (d) absence of other comorbidi-
ties that would limit life expectancy in the first 5 years post-transplantation [193]. Absolute
contraindications to lung transplant include psychosocial problems or non-adherence to
medical therapy, cigarette smoking, alcohol dependency, substance abuse, uncontrolled or
untreatable infection, malignancy in the last 2 years, uncorrectable bleeding diathesis, sig-
nificant coronary artery disease that is not amenable to revascularization, significant dysfunc-
tion of other vital organs, severe obesity (body mass index 235 kg/m?), active infection with
Moycobacterium tuberculosis, or significant deformity of the chest wall or spine that would be
expected to cause a severe restrictive defect post-transplant [194]. Apart from these absolute
contraindications, there are a number of other diseases or conditions that are considered rela-
tive contraindications to lung transplant. Interestingly, use of systemic corticosteroids peri-
operatively was prohibited in the past due to concerns of poor healing of the newly formed
anastomosis [195]. However, most evidence has shown that use of prednisone in doses of up
to 0.3 mg/kg pre-transplantation does not increase the risk of complications [196].

Corticosteroids are an important part of immunosuppressive therapy for patients undergoing
lung transplantation. At the time of the surgical procedure, an initial dose of 500-1000 mg of
methylprednisolone is administered intravenously as soon as the donor allograft’s vasculature
and bronchus are anastomosed to the recipient’s respective structures, and allograft reperfu-
sion is established. Corticosteroid therapy is then continued at a dose of 0.5-1 mg/kg/day of
prednisone (or equivalent) and gradually tapered down to a goal of 5-10 mg/day of predni-
sone (or equivalent) over a period of 6 months [197]. Depending on the transplant center’s pro-
tocols and characteristics of the recipient (age, primary lung disease, panel reactive antibodies,
etc.), induction therapy may or may not be administered post-transplantation. For induction
therapy, the most commonly used agents are basiliximab, alemtuzumab or anti-thymocyte
globulin [198]. Pre-medication with acetaminophen, diphenhydramine and corticosteroids
(methylprednisolone 125 mg IV once) is required prior to infusion of alemtuzumab or anti-
thymocyte globulin. Maintenance immunosuppression is then employed with a combination
regimen consisting of a glucocorticoid (usually prednisone), a calcineurin inhibitor (usually
tacrolimus or cyclosporine) and an anti-metabolite (usually mycophenolate or azathioprine)
[199]. Occasionally, an mTOR (mechanistic target of rapamycin) inhibitor, such as sirolimus
or everolimus, may also be used be as part of the maintenance immunosuppressive regimen;
however, mTOR inhibitors should not be used in the first 3 months post-lung transplant as
they may lead to fatal bronchial dehiscence [200].
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Transplant rejections represent a significant problem in the world of transplantology.
Corticosteroid therapy forms an integral component of the management of both acute and
chronic graft rejections. In general terms, a graft rejection is the immune response of the recip-
ient to the donor’s graft, which results in dysfunction and failure of the transplanted organ.
From a pathological perspective, graft rejection can be cell-mediated or humoral graft rejec-
tion depending on whether cytotoxic T lymphocytes or antibodies are implicated in immuno-
pathogenesis respectively. In chronologic terms, rejection is classified into hyperacute, acute
or chronic rejection based on temporality [201].

Hyperacute rejection occurs within 24 hours of transplantation (usually in the first few minutes
to hours) and results in severe hypoxemia and other signs of graft failure. Such a graft rejection
occurs due to preformed circulating antibodies in the recipient that are directed against anti-
gens of the donor. Treatment involves therapeutic plasma exchange (to remove preformed anti-
bodies), IVIG (to bind circulating antibodies & prevent them from interacting with transplanted
tissues) and rituximab (to deplete B lymphocytes and prevent further formation of antibod-
ies) [202]. All patients who develop hyper-acute rejection are already on high-dose steroids as
part of their usual post-transplant care. Additional therapies, such as bortezomib (proteasome
inhibitor) or eculizumab (monoclonal antibody to C5 complement protein), are also employed
in most cases. While the outcome of hyperacute rejection is dismal in most cases, HLA typing
and “virtual cross-match” of donor and recipient have made it a rare occurrence [203].

Acute lung allograft rejection usually occurs within the first 6-12 months of transplantation and
it is cell-mediated in most cases. In acute cellular lung graft rejection, treatment is with pulse-
dose methylprednisolone along with intensification of the maintenance immunosuppressive
regimen [204]. Patients with persistent graft rejection may be treated with repeated courses of
pulse-dose methylprednisolone along with other therapies, such as anti-thymocyte globulin,
alemtuzumab and/or mTOR inhibitors (sirolimus or everolimus). Cases of acute humoral lung
graft rejection developing weeks to months after transplantation are less common. Such cases
are managed with a combination of therapeutic modalities including pulse-dose methylpred-
nisolone, therapeutic plasma exchange, IVIG, rituximab and/or intensification of maintenance
immunosuppression [205]. Empiric antibiotics are often initiated in patients with acute lung
graft rejection until results of microbiologic and histopathological studies are available.

Chronic lung transplant rejection remains a major source of late morbidity and mortality for
lung transplant recipients [206]. Chronic lung allograft rejection may manifest as either bronchi-
olitis obliterans or a restrictive allograft syndrome. Bronchiolitis obliterans is the predominant
subtype of chronic lung graft rejection and has a worse prognosis [207]. It is usually detected
as an obstructive defect on PFTs. Histopathologically, fibrosis in the lower airways (bronchi-
oles) with formation of dense scar tissue is typical [208]. In some patients, an unexplained
obstructive defect on PFTs is noted in the absence of definitive histopathological evidence of
bronchiolitis obliterans; such patients are termed to have bronchiolitis obliterans syndrome.
In restrictive allograft syndrome, patients have a demonstrable restrictive defect on PFTs
and evidence of fibrotic changes involving the upper lung lobes [209]. In most cases, chronic
lung allograft rejection is irreversible and most patients eventually require retransplantation
[210]. However, several therapeutic options may be tried in such patients (depending on the
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transplant center’s preferences) including intensification of the immunosuppressive regimen,
addition of azithromycin, use of montelukast, use of mTOR inhibitors, trial of anti-thymocyte
globulin, total lymphoid irradiation or extracorporeal photophoresis [211].

6. Adverse effects

The adverse effects of corticosteroid therapy are significant and, in most circumstances, these
effects are a compelling reason to limit the dose and/or duration of their use [18]. In many of
the chronic diseases discussed in this chapter, toxicities of steroid therapy are a major source
of morbidity. Additionally, most patients with such chronic diseases are often on immuno-
suppressive therapy or other toxic medications that may lead to cumulative toxicity. While
systemic glucocorticoid therapy is associated with the most number of adverse effects, inhaled
glucocorticoid therapy can also have some adverse effects, although they tend to be generally
less severe [40-42]. Moreover, some of the adverse effects of corticosteroids do not manifest
until complications develop. For instance, loss of bone mineral density may go on unchecked
until a patient develops vertebral collapse [212]. Luckily, most of the adverse effects of ste-
roids are potentially reversible with time once corticosteroids are discontinued.

Side effects of systemic corticosteroids pertain to almost all systems of the body. Long-term
corticosteroid therapy can cause skin thinning, dermal atrophy and purpura, especially on
the dorsum of hand and forearm [213]. Dermal atrophy is a consequence of reduced col-
lagen synthesis due to inhibition of protein synthesis. Purpura is a combined consequence
of dermal atrophy and increased fragility of vessels, which predisposes to bleed in response
to minor stress. In a case—control study, Karagas and co-workers reported that the risk of
non-melanoma skin cancer was increased among patients who used corticosteroids [214].
Cushingoid striae occur due to overstretching of the skin with rupture of vessels within the
skin. Steroid-induced acne is also a well-known dermatologic adverse effect of steroids [215].
Ophthalmic adverse effects of corticosteroids include cataracts, increased intraocular pres-
sure and development of glaucoma [216]. Cataracts most commonly occur in a posterior
subcapsular location and are often bilateral [41]. Central serous chorioretinopathy is another
rare ophthalmic side effect of corticosteroids [217]. Redistribution of body fat with truncal
obesity, buffalo hump and moon facies (Cushingoid features) develop when corticosteroids
are used over a long period of time in high doses [218]. Prolonged periods of hyperglycemia
predispose patients to the development of diabetes mellitus and central adiposity, which in
turn leads to increasing insulin resistance. Insulin resistance and hyperinsulinemia lead to
increased synthesis of very low-density lipoproteins and increase triglyceride levels and adi-
pose tissue in the body [219]. Moreover, since many pharmacologically used corticosteroids
have weak mineralocorticoid properties, they can lead to fluid retention, hypertension, hypo-
kalemia and mild metabolic alkalosis. All these effects can culminate in accelerated athero-
sclerosis and increased incidence of cerebrovascular events and coronary artery disease [220].
Moreover, fluid retention and hypertension can worsen cardiac failure. Fluid retention can
also be problematic in patients with pre-existing renal disease. In the gastrointestinal system,
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corticosteroids can lead to a number of adverse effects including gastritis and gastrointestinal
bleeding [221]. Corticosteroids may also impair healing of peptic ulcers and mask signs of
gastrointestinal perforation; however, in patients taking glucocorticoids alone, routine use of
proton pump inhibitors is not recommended [222]. Proton pump inhibitors should be given to
patients who are taking corticosteroids along with either aspirin or other NSAIDs [223]. Fatty
liver is another adverse consequence of prolonged corticosteroid use. In the musculoskel-
etal system, glucocorticoids lead to accelerated bone loss due to decreased osteogenesis and
increased osteolysis [224]. Corticosteroid use can lead to osteoporotic fractures; interestingly,
vertebral fractures have been reported in patients treated with glucocorticoids, even with a
normal bone mineral density [225]. Avascular necrosis, especially of the head of femur, is a
serious adverse effect of glucocorticoid therapy [226]. In children, prolonged use of corticoste-
roids can lead to slowed growth or even, permanent growth impairment [227]. Corticosteroids
can also lead to myopathy, which manifests as proximal muscle weakness, although muscle
enzymes (serum creatine kinase) are within normal limits [228]. With respect to the reproduc-
tive system, corticosteroid use may lead to menstrual irregularities and decreased fertility
in both sexes [229]. Moreover, use of high doses of corticosteroids during the first trimester
of pregnancy may elevate the risk of cleft palate slightly [230]. The risk of fetal intrauterine
growth restriction is also elevated in women who take corticosteroids throughout pregnancy
[231]. Corticosteroids have also been shown to have a number of adverse effects on the cen-
tral nervous system, especially when used in high doses [232]. Neuropsychiatric effects may
include feeling of euphoria, anxiety, depression, mania, delirium or even psychosis. In a study
by Shin et al. [233], patients with RA who were treated with oral glucocorticoids had a higher
risk of having cognitive impairment. In another study by Keenan and colleagues [234], use
of corticosteroids was associated with an adverse outcome on explicit memory at a period of
1 year. Last, but not the least, the immune system is also adversely affected by glucocorticoid
therapy and immunosuppression leads to an increased risk of infections, decreased response
to vaccines, poor wound healing and lymphopenia [235, 236]. Neutrophilia seen with cortico-
steroid therapy is a mere consequence of demargination of the neutrophil pool.

Close monitoring of such patients for the development of adverse effects is essential [237].
Routine monitoring should include blood pressure charting, weight charting, regular physical
examination, lipid profile and fasting plasma glucose. Determination of bone mineral density
and monitoring of intraocular pressure should be considered for patients who are receiving
high doses of corticosteroids for a prolonged duration [238]. Specifically, patients with pre-
existing co-morbid conditions, such as diabetes mellitus, hypertension, dyslipidemia, heart
failure, peptic ulcer disease and osteoporosis, are at a much higher risk of developing adverse
effects and must be monitored vigilantly [239].

In summary, corticosteroid therapy is a double-edged sword in patients with chronic diseases
who are dependent on steroids. Adverse effects pertaining to nearly every system of the body
can occur with the use of corticosteroids, which mandates that patients be treated with the
lowest possible dose of corticosteroids for the minimum duration possible. Inhaled cortico-
steroid therapy can provide a therapeutic effect in many airway disorders, while reducing the
risk of many steroid-induced adverse effects at the same time. Thus inhaled therapy for air-
way disorders should be preferred over systemic corticosteroid therapy, whenever possible.
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Abbreviations

A-a alveolar-arterial

ABPA allergic bronchopulmonary aspergillosis
ACE angiotensin converting enzyme

ACTH adrenocorticotrophic hormone

AIP acute interstitial pneumonitis

ALT alanine aminotransferase

ANCA antineutrophil cytoplasmic antibody
APC antigen presenting cell

ARDS acute respiratory distress syndrome
ATP adenosine 1,4,5-triphosphate

ATS American Thoracic Society

BAL bronchoalveolar lavage

BOOP bronchiolitis obliterans organizing pneumonitis
cAMP cyclic adenosine monophosphate

CAP community acquired pneumonia

CAT COPD assessment test

CF cystic fibrosis

CFTIR cystic fibrosis transmembrane conductance regulator
cor cryptogenic organizing pneumonitis
COrD chronic obstructive pulmonary disease
DAD diffuse alveolar damage

DAH diffuse alveolar hemorrhage

DIP desquamative interstitial pneumonitis
DM dermatomyositis

EGPA eosinophilic granulomatosis with polyangiitis
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ERS
FEV
FiO
GOLD
GPA
GPCR
GPS
GRE
HIV
ICS
IgE

IL

ILD
IPF
IVIG
LABA
LAMA
LIP
mMRC
MPA
mTOR
NF«B
NIPPV
NSAID
NSIP
OPG
PAMPs
PDE
PECAM-1
PFT
PM

European Respiratory Society

forced expiratory volume in first second of expiration

fraction of inspired oxygen

Global Initiative for Chronic Obstructive Lung Disease

granulomatosis with polyangiitis
G-protein coupled receptor

Goodpasture syndrome
glucocorticoid-response elements
human immunodeficiency virus

inhaled corticosteroids

immunoglobulin E

interleukin

interstitial lung disease

idiopathic pulmonary fibrosis
intravenous immunoglobulin
long-acting 3,-adrenoceptor agonist
long-acting muscarinic antagonists
lymphocytic interstitial pneumonitis
modified Medical Research Council scale
microscopic polyangiitis

mechanistic target of rapamycin

nuclear factor-kB

non-invasive positive pressure ventilation
non-steroidal anti-inflammatory drug
non-specific interstitial pneumonitis
osteoprotegerin

pathogen-associated molecular patterns
phosphodiesterase

platelet-endothelial cell adhesion molecule-1
pulmonary function test

polymyositis
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PPFE pleuroparenchymal fibroelastosis

PRR pattern recognition receptor

PTH parathyroid hormone

RA rheumatoid arthritis

RAAS renin-angiotensin-aldosterone system
RANK receptor activator for nuclear factor-xB
RANKL receptor activator for nuclear factor-«xB ligand
RB respiratory bronchiolitis

RPC relapsing polychondritis

SABA short-acting {3,-adrenoceptor agonist
SAMA short-acting muscarinic antagonists
SGPT serum glutamate-pyruvate transaminase
SLE systemic lupus erythematosus

SLS shrinking lung syndrome

SSc systemic sclerosis

T,1 type 1 helper T

T2 type 2 helper T

tRNA transfer ribonucleic acid

uIp usual interstitial pneumonitis
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Abstract

Atopic dermatitis (AD) is one of the most common skin conditions in children and adoles-
cents. This disease is characterized by acute and chronic lesions. Acute lesions can occur
at any age and have a recurring character. Localization of acute lesions is a characteristic
for a certain age of the child. Chronic lesions are present after the second year of life and
characterized by pruritus and lichenification. Ichthyosis and xerosis are also characteris-
tics of chronic lesions. The authors represent two hypotheses about pathophysiology of
atopic dermatitis: “inside-out” hypothesis suggests that pathophysiological process is
the result of an inflammatory response, while the “outside-inside” hypothesis suggests
that changes of the epidermal barrier are responsible for the process in lesions in atopic
dermatitis. There is no gold standard, clinical or laboratory, for the diagnosis of atopic
dermatitis. The diagnosis should be based on anamnesis, clinical features and labora-
tory results. The therapeutic approach includes general and specific measures. General
measures including topical moisturizers, bathing and bathing practices and wet-wrap
therapy. Specific measures include topical corticosteroids and topical calcineurin inhibi-
tors. Systemic immunosuppressant agents and phototherapy are a second-line treatment
and used when the atopic dermatitis is not controlled. These patients must be treated by
a dermatologist or pediatricians.

Keywords: atopic dermatitis, children, corticosteroids, emollients, topical moisturizers,
skin care, eczema

1. Introduction

Atopic dermatitis (AD) is one of the most common skin conditions in children and adoles-
cents. This disease is characterized by chronic eczematous and itchy lesions with typical
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distributions, and relapsing [1, 2]. Atopic dermatitis has a tendency to spontaneous with-
drawal, so the incidence of this disease diminished with increasing age. The basic patho-
physiological features of this disease are an epidermal barrier dysfunction and an altered
immunoallergic profile [3]. Firsthand contact due to their symptoms, these patients have with
the primary healthcare team, most often pediatricians and general practitioners. The diag-
nosis of atopic dermatitis can be defined with standardized clinical criteria and scoring sys-
tems [4]. It is important to notice that this disorder can be a major therapeutic challenge for
the physician and patient, especially intense and incessant itching. The therapeutic approach
includes general and specific measures. General measures include topical moisturizers, bath-
ing and bathing practices and wet-wrap therapy. Children more likely have food-induced
exacerbations. If a specific food is suspected to cause an exacerbation of atopic dermatitis, cer-
tain dietary interventions can be used. Specific measures include topical corticosteroids and
topical calcineurin inhibitors. Systemic immunosuppressant agents and phototherapy are a
second-line treatment and used when the atopic dermatitis is not controlled. These patients
must be treated by a dermatologist or pediatricians.

2. Pathophysiology of atopic dermatitis

The lack of filaggrin plays an important role in the pathophysiology of atopic dermatitis. The
large polyprotein profilaggrin degraded to produce monomeric filaggrin in the stratum corneum
of the skin. Profilaggrin and filaggrin contribute to the structure of the epidermis and the
functional barrier (profilaggrin and filaggrin each make different contributions to epidermal
structure and barrier function) [5].

Filaggrins with intermediate filaments form solid connections in cornified leyers contributing
to formation of a water loss barrier, maintaining epidermal hydration and form so-called “nat-
ural moisturizing factor” [5, 6]. Beside damaged skin barrier, in the pathophysiology of atopic
dermatitis, numerous cells of innate and adaptive immune cells are involved. Keratinocytes
in typical lesions release a large amount of several different proinflammatory cytokines, che-
mokines, and high levels of TSLP (thymic stromal lipoprotein) which promote Th2 immune
response [7]. The Th2 immune response releases a large number of cytokines (IL-4, IL-13,
IL-25, IL-33), which cause keratinocyte dysfunction and secondary changes in epidermal bar-
rier. The authors state that Th2 immune response contributes to downregulation of filaggrin
expression in differentiated keratinocytes [8]. Beside the filaggrin, Th2 cytokines (IL-17, IL-22,
IL-25 and IL-31) significantly downregulate the expression of other proteins of stratum cor-
neum like loricrin and involucrin [6, 8, 9].

There is an increased number of inflammatory cells such as T lymphocytes, dendritic cells,
macrophages, mast cells and eosinophils in lesions characteristic for atopic dermatitis [7, 10].

Acute lesions in atopic dermatitis have a significantly higher number of Th2 cytokines (IL-4,
IL-5, IL-13), while chronic lesions contain IL-4, IL-13, and numerous interferons of Th1 cells
[11]. That is so-called biphasic Th cell response.

Environmental factors such as skin irritation, mechanical damage, low skin moisture and
colonizing microorganisms also contribute to filaggrin expression changes [10].
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Keratinocytes in patients with atopic dermatitis show increased IFN-induced apoptosis [10].
Also, in patients with atopic dermatitis, smaller keratinocytes in lesions are verified.

Inflammatory response leads to variations in epidermal thickness and the size of corneocytes
in stratum corneum in region specific flares and atopic dermatitis [9].

The authors represent two hypotheses about pathophysiology of atopic dermatitis: “inside-
out” hypothesis suggests that pathophysiological process is the result of an inflammatory
response, while the “outside-inside” hypothesis suggests that changes of the epidermal bar-
rier are responsible for the process in lesions in atopic dermatitis [9].

3. Clinical features

The two basic characteristics of atopic dermatitis are [4]:

e specific localization of skin lesions with areas of the clean skin and

¢ chronic recurring character, with periods when there is no skin lesions at all and with peri-
ods of exacerbation of skin symptoms

First, clinical symptoms of atopic dermatitis occur during the first 6 months of life in 45%
of children, during the first year of life in 60%, and before the age of 5 years in at least 85% of
affected individuals [4]. But it never occurs in the first week of life [12]. The clinical pattern of
atopic dermatitis has a characteristic age-dependent distribution and is commonly associated
with elevated IgE, peripheral eosinophilia, Staphylococcus aureus colonization and comorbid-
ity with other allergic diseases [4, 12].

Atopic dermatitis as a chronic recurrent disease is characterized by acute and chronic lesions.
Acute lesions predominantly occur in infants, while chronic lesions are characteristic of the
later age [13, 14]. Acute lesions are characterized by erythematous papules or papulovesicules
with oozing, as well as plaque and dry skin. Patients with atopic dermatitis commonly have
different intensity of itch.

Acute lesions can occur at any age and have a recurring character. Localization of acute lesions
is characteristic for a certain age of the child [12].

Chronic lesions are present after the second year of life and characterized by pruritus and
lichenification. Ichthyosis and xerosis are also characteristics of chronic lesions [1, 4, 12].

Pruritus is a typical hallmark in all stages, except during the first weeks of life. Itching itself
has different intensity and accompanied by excoriations and fibrotic nodules [1, 4].

Atopic dermatitis can cover a wide spectrum in terms of severity, ranging from very mild
to very severe phenotypes. For severity assessment of atopic dermatitis, a diagnostic scor-
ing system such as SCORAD or ECZEMA AREA AND SEVERITY INDEX SCORES is often
used [1, 4].
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3.1. Atopic dermatitis clinical phenotypes

Atopic dermatitis phenotypes in childhood can be divided into two groups: IgE associated
and non-IgE associated atopic dermatitis. Group of children with IgE associated atopic der-
matitis can be with or without another allergic diseases, especially with allergic respiratory
diseases [13, 14]. Clinical phenotypes of atopic dermatitis define according to [2, 12-14].

A. Age-related clinical pictures with age off onset
B. Diseases severity
C. Non-IgE and IgE associated form

Amat et al. in their ORCA cohort study defined three phenotypes of early onset atopic der-
matitis: infant with moderate atopic dermatitis severity and low sensitization, infant with a
higher atopic dermatitis severity and frequent multiple sensitization and third phenotype
children with moderate atopic dermatitis severity and moderate sensitization with parental
familial history of asthma [15]. This phenotypic classification was used only for the epidemio-
logical study, while its use was not verified for clinical practice.

3.2. Infantile atopic dermatitis (under 2 years of age)

First symptoms of atopic dermatitis never appear in first 2 weeks of life. First symptoms com-
monly appear at the age of 3 months [1, 2, 12, 16]. Typical localization of infantile atopic
dermatitis is cheeks with characteristic dry skin, erythema and papules with oozing. Lesions
can form large plaques with oozing and crusts. Lesions can appear on the forehead, scalp,
neck and extensor surface of the extremities, rarely on the trunk. The diaper area is usually
spared. Lesions in this phase may be mild, which make it difficult to diagnose. When there are
no erythematous lesions in typical places, the skin is dry, rough, and desquamated [1, 2, 16].

A substantial portion of patients can go into complete remission before 2 years of age [16].
3.3. Childhood atopic dermatitis (age 2-12 years)

Chronic skin lesions with lichenification and exacerbation of acute lesions are characteristic
for atopic dermatitis in this age. Children have lichenified papules and plaques involving the
hands, feet, wrists, ankles, periorificial areas on the head, antecubital and popliteal regions.
Xerosis becomes dominant at this stage. These patients have a high risk of chronic illness [16].

3.4. Atopic dermatitis in adolescents (age 12-18 years)

In this period of life, the lesions are more fixed to classical areas such as the head, neck, and
flexural areas. Lesions in the form of chronic dermatitis can also be seen on the hands [16].

3.5. Stratification based on disease severity

Atopic dermatitis covers a wide spectrum of clinical phenotypes. Most authors classify atopic
dermatitis according to the severity of the clinical features into four groups: dry skin only,
mild, moderate and severe atopic dermatitis. It is the best to use a valid scoring system, such
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as SCORAD (Scoring atopic dermatitis) or Eczema Area and Severity Index Scores, for assess-
ing the severity of atopic dermatitis [16]. The most commonly used scoring system in clini-
cal practice is SCORAD, for which there is an application for Apple, Mac, PC and android
system. This scoring system was created and validated by the European Task Force on Atopic
Dermatitis (ETFAD) [1, 2, 16].

4. Diagnosis and trigger factors

4.1. Diagnostic criteria

It is not possible to define the gold standard for diagnosis of atopic dermatitis due to its
heterogeneity. Diagnosis of atopic dermatitis cannot be set without skin examination [17].
Some diagnostic criteria developed for use in hospital, while others developed for commu-
nity settings [17]. The ISAAC proposed the full questionnaire-based protocol where a posi-
tive response to all three questions is required for the diagnosis of atopic dermatitis. These
ISAAC diagnostic criteria are not for daily use, but for epidemiological studies became the
gold standard.

The standard diagnostic tool in a community setting is the Hanifin and Rajka criteria [18]
(Figure 1). Their criteria are adequate for physicians to make a diagnosis of atopic dermati-
tis. The diagnosis of atopic dermatitis by Hanifin and Rajka criteria requires the existence at
least three major characteristics and at least three minor characteristics [1, 12, 18]. Some other
atopic dermatitis diagnostic criteria are more practical for use in a hospital setting such as UK
criteria and American Academy of Dermatology (AAD) criteria.
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Figure 1. Diagnostic criteria by Hanifin and Rajka [18].
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It is very important to use well-defined diagnostic criteria for the diagnosis of atopic derma-
titis, especially for those patients who lack the typical phenotype of the disease [4]. Using
visible eczema as the only criterion may lead to overdiagnosis of the disease [4].

The following diagnostic algorithm should be applied:

Clinical diagnosis based on well-defined diagnostic criteria
Patient medical history

Positive family history of atopic diseases

Blood tests (total IgE, specific IgE)

Specific skin test (prick test, prick to prick test, patch test)

Exacerbating factors or common triggers in atopic dermatitis

N S g » DN

Challenge tests

Some facts about the diagnosis of atopic dermatitis should be emphasized:

* the atopy patch test is primarily a way to investigate the mechanisms of eczema

* sensitization can be detected by prick or patch tests or by measuring specific IgE antibodies
in the blood

* the decision to make a challenge test should be individualized for each patient

* during the challenge test, children should be supervised for 48 h. In the case of a negative
test, it is necessary to examine the child’s skin after 24 h [12].

There is no gold standard, clinical or laboratory, for the diagnosis of atopic dermatitis.
Diagnosis should be based on anamnesis, clinical features and laboratory results [1, 2, 12, 16].
Although Hanifin and Rajka developed the gold criteria for the clinical diagnosis of atopic

dermatitis, in clinical practice, physician also needs to use a valid scoring system to define the
severity of clinical features [1].

4.2. Common triggers

Atopic dermatitis exacerbations can be triggered by allergens that are inhaled, ingested or in
direct contact with the skin. Most commonly triggers are sweat, contact allergens, aeroaller-
gens and microbial agents.

Sensitization to food allergens (cow’s milk and hen’s eggs) is associated with infantile atopic
dermatitis and related to disease severity [4]. Exposure to aeroallergens (pets, mites, and pol-
len) has been clearly shown to increase the risk factors for atopic dermatitis and atopic der-
matitis severity [1, 4].

Children with atopic dermatitis are at high risk of allergic asthma and allergic rhinitis [4, 12].
4.3. Differential diagnosis

Differential diagnosis of atopic dermatitis is shown in Figure 2.
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Dermatoses

=Seborrheic Dermatitis
«Contact Dermatitis
*Lichen Simplex Chranicus
*Mummular Dermatitis
*Psoriasis

«Pityriasis Rosea

Infectious diseases

=Tinea versicolor
=Scabies
=Candidiasis

=Impetigo

Metabolic disordes

«Zinc deficiency
=Miacin and B6 deficiency
-Acrodermatitis Enteropathica
*Phenylketonuria

Immunodeficiency

«Wiskott-Aldrich syndrome
*Hyper IgE syndrome
*Brutans agammaglobulinemia

sImmune dysregulation polyendocrinopathy
enteropathy *-linked synd)rlome

MNeoplastic disea

*Mycosis fungoides

Figure 2. Differential diagnosis of atopic dermatitis [1, 4, 19].

5. Management

The management of atopic dermatitis presents a clinical challenge [4, 12, 20].

Some studies emphasize that the breastfeeding at least 4-6 months reduced the incidence of
atopic dermatitis in infants, but this effect is most probably transient and last to the 3rd year
of life [4]. Some studies on high-risk infants population demonstrate that using different par-
tially and extensively hydrolyzed casein formulas for the first 6 months of life has the capacity
to reduce atopic dermatitis by 50% in the first year of life [21].

Management of atopic dermatitis should be adapted to the severity of the clinical manifesta-
tion of atopic dermatitis [1]. Therapeutic modalities include basic treatment of the skin, topi-
cal and systemic drug application.
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5.1. General measures

Basic treatment [1, 22, 23] means to use a skin hydration on a regular base, avoided hot water
during showering or bathing, and contact with water should be minimized. Synthetic or wool
material clothes should be avoided. Also, detergents and soaps designed for sensitive skin
should be used. Further treatment should be adapted to the disease severity. It is very impor-
tant to educate child’s parent/guardian about atopic dermatitis, and treatment challenges.

Topical treatment [1, 22] includes emollients, topical glucocorticosteroids, topical antimicro-
bial therapy, topical calcineurin inhibitors, wet-wrap therapy. A combination of two different
topical agents can be used.

Systemic treatment [22] needs to be considered if topical treatment cannot control the severity
of atopic dermatitis. Systemic treatment includes antihistamines, antimicrobial treatment, sys-
temic corticosteroids, Cyclosporin A, Azathioprine, and so on. In a case where the physician
has a negative or poor therapeutic response, another specialist (dermatologist, pediatrician,
etc.) should be involved in the diagnostic and treatment management to get optimal results.

Also, in some cases, hospitalization in centers with a multidisciplinary team approach might
be the best option for the patient.

People with atopic dermatitis should not work in the area with high humidity, places where
they need to wash their hands often or use stronger disinfectants/irritants [1, 22].

5.1.1. Hydration, topical moisturizers and emollients

Xerose is a leading clinical sign of atopic dermatitis. Emollient creams represent the basic
therapy of atopic dermatitis [23]. The basic mechanism of their effect is to maintain satis-
factory skin hydration, preserve the skin barrier and reduce transdermal loss of water. It is
recommended that they can be used daily. They can be different in composition: lotions, oils,
creams or gels. Studies have shown that one form of emollient has no advantage over oth-
ers [22, 23]. Oily preparations usually do not contain preservatives, which has advantages in
terms of adverse effects. Lotions contain a high concentration of water, which speeds up their
evaporation from the skin [22, 23].

The choice of a moisture can be left to the patient, which may be associated with increased
adherence to recommended therapy [22, 24]. Selected moistures should be effective, safe, without
additional additives and perfumes. The efficiency of the selected moisture should be reviewed
frequently. It can be used 2—4 times a day, which depends on the frequency of bathing/show-
ering. It is recommended to apply immediately after bathing/showering, plus 2-3 a day [23].

5.1.2. Effectiveness and application technique

Original packaging emollients should be carefully stored because of possible contamination
with bacteria. The most practical use is the pump-dispenser because there is the smallest risk
for contamination [1, 23].
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There is no accord in order to use the determined quantity of the applied layer and the surface
to be covered with the emollients (the whole body surface or only the affected areas of the
skin). The rule of fingertip unit is not generally accepted for them as for corticosteroids.

In principle, in the treatment of atopic dermatitis, a moisturizer or skin care product should
be applied to a mild eczematous lesion or dry skin on the facial surface without applying any
topical steroids. It is reported that twice a day, external application of a moisturizer significantly
inhibits the relapse of inflammation of atopic dermatitis compared with the untreated group [1].

5.1.3. Wet-wrap therapy

Wet-wrap therapy is a method for administering topical corticosteroids in order to increase
their absorption [1, 2]. It can be used on the recommendation of a specialist pediatrician or
dermatologist. It should be applied for a short period of time (7-14 days), once daily at exclu-
sively restricted area in children with severe atopic dermatitis who did not have an adequate
therapeutic response to conventional therapy [22].

In wet-wrap therapy, it is recommended to use low potency and extremely mild corticoste-
roid preparations [19, 22]. Some authors recommend 5-10% dilution of potency topical corti-
costeroid preparation.

The application technique: a topical corticosteroid is applied to the affected skin, which then
covers with a wet layer of tubular bandages, a gauze or a cotton suit, then placed a second
dry layer. The recommended duration of a wet-wrap therapy is 12 h, so it is better to apply it
overnight [2].

5.1.4. Dietary interventions

Recent studies did not show relation between food allergies and outbreaks or exacerbations in
atopic dermatitis in children. If parents or a child notice that child’s symptoms of atopic der-
matitis aggravated by eating some foods, a provocation test for that food should be considered.
Studies show that this deficient nutrition did not have a positive therapeutic effect on atopic
dermatitis in children [24].

What is certainly recommended for infants with atopic dermatitis is exclusive breastfeeding
and later transitioning to solids foods [1, 24].

5.2. Topical corticosteroids

Topical corticosteroids represent the basic antiinflammatory, immunosuppressive and anti-
proliferative therapy in atopic dermatitis. Topical corticosteroids are categorized into four
groups based on their potency (Table 1) [1, 2, 22, 24]. The outbreak of topical corticosteroid
therapy should be based on the severity of the clinical picture [1]. For mild atopic dermatitis,
we use low potency topical corticosteroid preparations, for severe atopic dermatitis we use
high potency topical corticosteroids [22].
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[Ultra high potency topical corticosteroids

] [Moderater y topical corti

=Group |
=Clobetasol propionate cream (0.05%)
- Diflorasone diacetate cintment (0.05%)

=Group IV
= Desoximetasone cream (0.05%)
-Fluocinonide acetonide ointment (0.025%)

=Hydrocortisone valerate ointmient (0.2%)
= Triamcinolone acetonide cream (0.1%)
=Group V

-Betamethasone dipropionate lotion (0.02%)
»Betamethasone valerate cream (0.1%)
»Fluocinonide acetonide cream (0.025%)
-Hydrocortisone butyrate cream (0.1%)
-Hydrocortisone valerate cream (0.2%)

= Triameinolone acetonide lotion (0.1%)

[High potency topical corticosteroids ] [Low potency topical corticosteroids

=Group Il =Group VI
-Amcincnide oimtment (0.1%) -Betamethasone valerate lotion (0.05%)
-Betamethascne dipropicnate cintment {0.05%) -Desonide cream (D.05%)
=Desoximetasone (cream or ointment) (0.025%) =Fluocinclone acetonide solution (0.01%)
=Fluocinonide (cream, cintment, or gel) {0.05%} =Group VIl

=Halkcinonide cream (0.1%) -Dexamethasone sodium phosphate cream
«Group Il (0-1%)

-Betamethasone dipropionate cream (0.05%)
-Betamethascne valerate ointment (0.1%)

-Hydrocortisone acetate cream (1%)
-Methylprednisclone acetate cream (0.25%)

=Diflorascne diacetate cream (0.05%)
=Triamcinolone acetonide ointment (0.1%)

Table 1. Topical corticosteroids potency classification [1, 2].

Also, for areas such as face, neck, axillary and groin, it should be used a mild topical corticosteroid
preparations. In these areas, a moderate or potent topical corticosteroid should not be used for
more than 3-5 days [24]. Topical corticosteroids can be used once or twice a day. Start the therapy
with a single daily application, and if there is no adequate therapeutic response, introduce twice
daily application [1, 22, 24]. This simple therapy mode will increase patients adherence to recom-
mended therapy and reduce the fear of side effects of topical corticosteroids by parents and GPs.

The application technique: the topical corticosteroid preparations dosage according to the
finger type unit (FTU) rule. One FTU is the amount of a cream which can be applied from the
distal skin-crease to the tip of the index finger of an adult and represents approximately 0.5 g.
This amount of cream is enough to cover the surface of two hand areas (hand area is surface
you are covering with hand palm down with your fingers closed together) [2, 22]. Topical cor-
ticosteroids should be applied half an hour before or after emollient creams.

Keep in mind that children have a proportionally larger body surface compared to body
weight, which results in a higher absorption of topical corticosteroids for the same cream
amount compared to adults [4, 24].

There are two different approaches to choose a topical corticosteroids, one recommending
to start therapy with low potency TCS then use moderate potency TCS (“set up approach”),
while others recommend reverse access from moderate to low potency topical corticosteroids
(“set down approach”). These recommendations are primarily related to mild and moderate
atopic dermatitis [1, 2, 24].

There are two forms of TCS therapy for atopic dermatitis: proactive and reactive therapy
[1]. Proactive therapy is defined as using of topical corticosteroids in the acute phase, with
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intermittent use of topical corticosteroids and a moisturizer during the remission period.
Reactive therapy means the using of topical corticosteroids only in case of exacerbation of
symptoms, and using only the moisture in the remission phase [1].

5.2.1. Potency and adverse effects

Potency and adverse effects are described in Tables 1 and 2.

5.2.2. Effectiveness and application technique

A fingertip unit (FTU) is the amount of topical steroid that is squeezed out from a standard tube
along an adult’s fingertip. It should be enough to treat an area of skin double the size of the flat
of your hand with your fingers together. The recommended dosage will depend on what part
of the body is being treated [2, 22, 24].

For adults, the recommended FTUs to be applied in one single dose are, for example, 1 FTU for
hands, elbows and knees, 2.5 FTUs for the face and neck, 3 FTUs for the scalp, or 4 FTUs for a
hand and arm together, or the buttocks [25].

The following dosages are recommended for a child aged 3-6 months: entire face and neck 1
FTU, an entire arm and hand 1 FTU, an entire leg and foot 1.5 FTUs, the entire front of chest
and tummy (abdomen) 1 FTU, and the entire back including buttocks 1.5 FTUs [25].

For a child aged 1-2 years, entire face and neck 1.5 FTUs, an entire arm and hand 1.5 FTUs,
an entire leg and foot 2 FTUs, the entire front of chest and abdomen 2 FTUs, the entire back
including buttocks 3 FTUs [25].

For a child aged 3-5 years, entire face and neck 1.5 FTUs, an entire arm and hand 2 FTUs,
an entire leg and foot 3 FTUs, the entire front of chest and abdomen 3 FTUs, the entire back
including buttocks 3.5 FTUs [25].

= Acne-like rash, including folliculitis and rosacea

« Eyelid and perioral dermatitides

+ Epidermal-dermal atrophy, dermal vulnerability (most likely to occur

on the geriatric or sunlight damaged skin, intertriginous zone, or

facial surface)

Delay in wound healing

Gluteal granuloma

Purpura

Telangiectasia and erythema

Skin striae

Depigmentation

Hypertrichosis

Hidden or exacerbated dermatophyte infection

Secondary infection or exacerbation of existing infection

Contact demrmatitis

May be caused by an ingredient of the preservative or other base

material.

» May be caused by a corticosteroid molecule. In this case, the skin
may crossreact with a corticosteroid molecule of similar structure.

» Others

Table 2. Topical corticosteroids adverse effects [1].
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For older children aged 6-10 years, entire face and neck 2 FTUs, an entire arm and hand 2.5
FTUs, an entire leg and foot 4.5 FTUs, the entire front of chest and abdomen 3.5 FTUs, and the
entire back including buttocks 5 FTUs [25].

5.3. Topical calcineurin inhibitors

Topical calcineurin inhibitors are non-steroidal immunomodulatory agents. The use of topi-
cal calcineurin inhibitors preparations should be under supervision by specialist dermatologists or
pediatricians and for short time of period.

There are three preparations available [1, 22, 24]:

(1) 0.03% tacrolimus ointment,
(2) 0.1% tacrolimus ointment and

(3) 1% pinecrolimus cream.

Tacrolimus ointment 0.03% is approved for use in children over 2 years, while at a higher
concentration (0.1%), it can be used only in children over 16 years of age [24]. Evidence from
clinical trials supports the safe use of topical tacrolimus 0.03% in infants and younger children
[22]. These drugs presents the second line of therapy, and only in case of acute exacerbation
that do not respond to TCS.

Their use is recommended for the acute phase of moderate or severe atopic dermatitis in
sensitive areas of the skin (e.g., the face, the folds) and in areas where steroid-induced
atrophy is present [1, 24]. Numerous studies show that different combinations of TCI and
TCS given together have sometimes a better effect than individual treatment [22, 24]. Some
combinations did not show an expected effect than single administration. The combination
of preparations should be personalized for each individual patient [24]. The TCS recom-
mended to use first, and in inadequate response to therapy switched to low potent TCS
with TCI.

The application technique: an intermittent application 2-3 times a week according to the rec-
ommendation of a specialist dermatologist or pediatrician is recommended.

Side effects: the most common side effect of TCI is a transient burning that passes after several
days of use [1, 22, 24]. These preparations cannot be used on the skin with signs of infection
and uneroded surface.

5.4. Antimicrobial treatments

Regular administration of systemic or topical antibiotics is not recommended in patients with
atopic dermatitis [2, 22, 24]. In patients with atopic dermatitis, affected skin is usually colo-
nized with Staphylococcus aureus [1, 2]. Previous studies show that there is no benefit from
using topical antibiotics, antiseptics, antibacterial soaps or antibacterial bath additives [22, 24].
Also, the use of these agents can cause contact dermatitis or skin colonization with multire-
sistant strains of bacteria. In children aged 6 months to 17 years with moderate/severe atopic
dermatitis and secondary S. aureus infection, the use of diluted bleach baths twice weekly with
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administration of intranasal mupirocin twice daily (5 days per month) is more affected. This
treatment should be repeated for 3 months [1, 2, 22, 24].

In children with frequent skin infections with S. aureus, a nasopharyngeal culture test for whole
family should be done due to frequent intranasal colonization with this bacterium. It should
be noted that the regular use of moisturizer and TCS significantly reduces skin colonization
with S. aureus [22-24].

Eczema herpeticum is a potentially life-threatening infection in children with atopic dermati-
tis. Herpes infection should always be considered in patients with painful erosions and vesi-
cles. In these patients, systemic antiviral ther'apy and supportive therapies are required [1, 2].

5.5. Systemic anti-inflammatory therapy

Oral and injectable systemic corticosteroids are not recommended for long-term treatment in
children with atopic dermatitis because of the possible side effects [1, 2, 22]. But their use as
short-term therapy is effective to interrupt acute exacerbation in children with severe atopic der-
matitis [22, 24]. Duration of these intermittent therapies should be between 3 days and 3 weeks.

Beclomethasone dipropionate and Flunisolide should be limited for treatment of severe atopic
dermatitis in children with atopic dermatitis refractory to standard therapies [19, 20, 26].

Immunosuppressants, such as Cyclosporine A (6-8 weeks), Methotrexate, and Azathioprine,
could be used in children older than 16 years with severe atopic dermatitis refractory to
standard therapies [1, 20, 24]. Only Cyclosporine A licensed for use in clinical practice for
the treatment of atopic dermatitis. Prescriptions and using of systemic immunosuppressive
therapy should be supervised by a specialist pediatrician [1, 20, 22]. Recommendations for the
use of these drugs are short durations of therapy and severe atopic dermatitis refractory to
standard therapies. Systemic side effects always should be kept in mind.

5.6. Phototherapy

Phototherapy is a second-line therapy for severe atopic dermatitis, and administration should
be supervised by a dermatologist [2, 24].

It represents the use of ultraviolet light (UVA or UVB). In atopic dermatitis, UVB narrowband
and long-wave UVA are use. The phototherapy is usually applied in elderly children with
chronic atopic dermatitis or severe atopic dermatitis or intractable severe atopic dermatitis.

5.7. Antihistamines

The use of antihistamines can be considered in older children with acute flares where there
is significant sleep disturbance [24]. Recent studies show that administration of fexofenadine
hydrochloride has effects in the treatment of itch and nocturnal pruritus. Application should
be limited to 1 week [22, 24].

The use of oral antihistamines is not recommended in the treatment of atopic dermatitis [2].
It is recommended to use a more potent TCS in children with itch or nocturnal pruritus in a
short period of time [1, 2, 22].
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5.8. Reasons for treatment failure

There are many reasons for tretment failure, most commonly are presented below [1, 27-30].

5.8.1. Incorrect diagnosis

Many skin conditions can present with eczema and make confusion in diagnosis, such as
psoriasis, skin infection and impetigo, fungal skin infections, seborrheic dermatitis, drug reac-
tions, skin T cell lymphoma, and keratosis pilaris.

5.8.2. Inconvenience of patients

Some patients believe that skin lesions are results of the infectious due to poor hygiene and feel
uncomfortable to show such lesions to the doctor. In some countries and regions, there is a stigma
for people with skin lesions. These patients often do not have adequate therapeutic treatment.

5.8.3. Poor understanding

Patients sometimes do not clearly understand the instructions given by physician about the
therapy and the goals of the therapy. Sometimes child’s parents believe that traditional medi-
cines are better than recommended therapy. Also, they expect a quick therapeutic effect. They
have no understanding that the disease is a chronic character.

5.8.4. Psycho-social factors

Chronic itch and sleep deprivation can lead to anxiety and depression in patients with atopic
dermatitis.

5.8.5. Lack of education

Inadequate drug administration is most likely a reason for treatment failure. Patients some-
times are not informed enough about the correct application of creams and ointments. Patients
sometimes are unable to abide by a prescribed therapeutic regimen due to their daily duties.
The higher the number of daily applications, the less the chance that the patient will take them.
Also, instructions given to child’s parents must be appropriate to their intellectual abilities.

5.8.6. Fear of adverse drug effects and steroid phobia

Topical corticosteroid phobia is especially affecting parents of pediatric patients with atopic
dermatitis [27]. Establishing the trust-based doctor-patient/parents relationship can help
overcome parents’ fears about therapy [28, 30]. This fear is commonly caused by misinforma-
tion or misadvice given by friends, relatives, other parents and the media. A corticosteroid
phobia can lead to poor patient therapy compliance.

5.8.7. Hypersensitivity reactions to treatment

Moisturizers can contain different chemicals which may cause irritation or hypersensitiv-
ity reactions. Urea containing emollients may cause stinging. Pimecrolimus cream may
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cause erythema. Chemical stabilizers of sun topical corticosteroids can cause delayed
hypersensitivity responses [20].

5.8.8. Economic

The cost of therapy may be more expensive than the patient expects. Also, long-term therapy
increases the cost of treatment. This can affect the patient’s adherence to therapy.

5.8.9. Lack of bonding and communication with a doctor

The physician should empathize with the patient and parents, be aware of patient’s fears,
anxieties and beliefs. Communication with the patient should be in language which patient
and parents can understand. During the examination, the doctor should be patient, talk to a
patient without haste and listen to the patient without interruption. Also, the doctor during
the repeated visits should create a trust-based relationship with the patient.

More frequent visits to the doctor increase adherence to treatment. Studies show that shorter
periods between physicians control increase the patient’s compliance with the recommended
therapy. Available consultation with well-educated nurse can also improve treatment adherence.

6. Conclusion

Atopic dermatitis (AD) is one of the most common skin conditions in children and adoles-
cents. This disease is characterized by chronic eczematous and itchy lesions with typical
distributions, and relapsing. The clinical pattern of atopic dermatitis has a characteristic age-
dependent distribution and is commonly associated with elevated IgE, peripheral eosino-
philia, Staphylococcus aureus colonization and comorbidity with other allergic diseases. There
is no gold standard, clinical or laboratory, for the diagnosis of atopic dermatitis. Diagnosis
should be based on anamnesis, clinical features and laboratory results.

Xerose is a leading clinical sign of atopic dermatitis; therefore, emollient creams represent the
basic therapy of atopic dermatitis. The basic mechanism of their effect is to maintain satisfac-
tory skin hydration, preserve the skin barrier and reduce transdermal loss of water.

Topical corticosteroids represent the basic anti-inflammatory, immunosuppressive and antip-
roliferative therapy in atopic dermatitis. The outbreak of topical corticosteroid therapy should
be based on the severity of the clinical picture. For mild atopic dermatitis, we use low potency
topical corticosteroid preparations; for severe atopic dermatitis, we use high potency topical
corticosteroids. There are two different approaches to choose a topical corticosteroids, one
recommends to start therapy with low potency TCS than using moderate potency TCS (“set
up approach”). While others recommend reverse access from moderate to low potency topical
corticosteroids (“set down approach”). These recommendations are primarily related to mild
and moderate atopic dermatitis.

The expectations of patients and parental expectations in children with atopic dermatitis should
always be determined, and the specific concerns of the parents should be sought and addressed.
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Abbreviations

AAD American Academy of Dermatology

ETFAD the European Task Force on Atopic Dermatitis
FTU finger type unit

IFN interferon

IgE immunoglobulin E

IL interleukins

ISAAC International Study of Asthma and Allergies in Childhood
SCORAD Scoring atopic dermatitis

TCI topical calcineurin inhibitors

TCS topical corticosteroids

TSLP thymic stromal lipoprotein

UVA ultraviolet light A

UVB ultraviolet light B
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Abstract

Most of the corticosteroids prescribed in dentistry are for topical applications or short-term
usage, rarely for its systemic effects or for long-term consumption, as in the treatment
of some medical conditions. Among the various specialties in dentistry, oral and maxil-
lofacial surgery, oral medicine and endodontics are the more frequent users of corticoste-
roids. Corticosteroids are used in oral and maxillofacial procedures to reduce associated
post-operative inflammation. The most researched outcome on the use of corticosteroids
in oral and maxillofacial surgery revolves around their impact to reduce post-operative
pain, swelling and trismus. Topical corticosteroids, on the other hand, are effective in
treating various oral mucosal lesions including oral ulcerations and oral presentations of
auto-immune diseases. Corticosteroids are also used as part of the treatment of temporo-
mandibular joint disorders. Intracanal placement of corticosteroids is used in endodontic
treatment. This chapter reviews the use of corticosteroids in the three specialties of den-
tistry as mentioned.

Keywords: corticosteroids, dentistry, oral and maxillofacial surgery, oral medicine,
endodontology

1. Introduction

Corticosteroids is one well-known anti-inflammatory group of drugs that is listed in the Dental’
Practitioners” Formulary. Among the various specialties in dentistry, oral medicine, oral and
maxillofacial surgery and endodontics are the more frequent users of corticosteroids. Most
of the corticosteroids prescribed in dentistry are for topical applications or short-term usage,
rarely for its systemic effects or for long-term consumption, as in the treatment of some medical
conditions. Five years ago, a chapter entitled “The role of Corticosteroids in today's Oral and

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{cc) ExgINEN
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Maxillofacial Surgery” [1] has been published in the book “Glucocorticoids —New Recognition
of Our Familiar Friend”. The objective of this chapter is therefore to complement the previous
publication as well as providing an update on the use of corticosteroids in dentistry, instead of
merely oral and maxillofacial surgery.

Although corticosteroids were already used in the field of medicine since 1944, it was not until
1951 that they were introduced to dentistry. Then, Strean published a paper which represented
the first scientific approach to the general use of corticosteroids in dentistry [2]. Strean and
Horton [3] and Spies et al. [4] were the first to use (hydro)cortisone for the treatment of oral
diseases related to local causes and oral manifestations of inflammatory systemic disease. Back
then, corticosteroids were prescribed as topical medicament as well as systemic medication,
depending on the oral manifestations of systemic diseases. Topical corticosteroids have proven
to be effective in treating various oral mucosal lesions including oral ulcerations and oral pre-
sentations of auto-immune diseases. In oral medicine, injection of corticosteroids is part of the
treatment of temporomandibular joint degeneration.

Corticosteroids are used in oral and maxillofacial surgical procedures to reduce associated
post-operative inflammation. The suggestion of their use for managing post-operative sequelae
of dentoalveolar surgery began as an editorial by Kenny in 1954 [5]. Following this, Ross and
White performed a clinical trial comparing oral hydrocortisone against placebo in a double-
blind study involving third molar surgeries that confirmed the former’s efficacy [6]. The most
researched outcome on the use of corticosteroids in oral surgery revolves around their effect
in reducing post-operative pain, swelling and trismus. Over the last 6 decades, the use of cor-
ticosteroids for third molar surgery had been studied extensively in different formulations,
dosings, routes and sites of administration [7]. These corticosteroids include dexamethasone
(per-oral/p.0.), dexamethasone acetate (intramuscular), dexamethasone sodium phosphate
(intravenous and intramuscular), methylprednisolone (p.o.), methylprednisolone acetate and
methylprednisolone sodium succinate (both intravenous and intramuscular) [8]. In recent
years, a twin-mix combination of 2% lignocaine with 1:200,000 adrenaline and 4 mg dexameth-
asone was even given as an inferior alveolar nerve block [9]. A recent review concluded that
there are benefits that can be derived from the short-term use of corticosteroids in reducing
these inflammatory sequelae, with no side effects observed when given using the methods
listed above [7]. However, the use of corticosteroids for periodontal and implant surgeries has
not been investigated. The other use of corticosteroids in oral surgery is as medication for vari-
ous cranial nerve disorders and application/injections for the treatment of facial scars [10]. It
is a standard medication for Bell’s palsy [11], with prednisolone coupled with acyclovir being
the most popular choice. The recommended dose is prednisolone 60-80 mg daily during first
5 days with dose tapering over next 5 days [12]. It is a drug within a cocktail with NSAIDs given
to patients suffering from traumatic trigeminal nerve injuries [13]. One study even reported
their beneficial effect on lingual and inferior alveolar nerve hypersensitivity following third
molar surgery [14]. More controversial use of corticosteroids is related to their administration
to patients with maxillofacial space infection. Low et al. recently reported that corticosteroids
are useful as adjunct treatment for such cases [15]. Their patients experienced significant clini-
cal improvement with reduction of pain, swelling and trismus, and shortening hospital stay to
an average of 3.5 days, in addition to omission of surgical intervention in 50% of cases.
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Lastly, corticosteroids are used as exposed pulp lining and intracanal medicament in endodon-
tic therapy. This chapter reviews the use of corticosteroids in the three specialties of dentistry
as mentioned. It shall answer the routinely asked impression: are dental surgeons and dental
specialists still at a cross road in deciding whether corticosteroids should be routinely used in
clinical dentistry?

2. Corticosteroids in oral and maxillofacial surgery

Corticosteroids are used mainly by oral and maxillofacial surgeons to reduce the post-oper-
ative sequelae (pain, swelling and trismus) of dentoalveolar surgery, orthognathic surgery,
facial fractures and reconstructive surgery [16, 17]. Post-operative nausea and vomiting have
been reported to be less in patients who were given corticosteroids when these surgeries were
done under general anaesthesia [18]. In addition, corticosteroids have been proven to improve
interpalpebral width as well as reducing post-operative pain after surgical repair of orbital
blowout fractures [19, 20]. Local steroid injection of the tongue base had proven to reduce the
incidence and severity of post-palatoplasty upper airway obstruction in children undergoing
cleft palate surgery [21]. A questionnaire survey in North America reported that close to half of
oral and maxillofacial surgeons stated that they use short-term, high-dose perioperative corti-
costeroids to control post-operative oedema [22]. Only 20% of oral and maxillofacial surgeons
claimed that they never use it for dentoalveolar surgery [23]. In comparison, corticosteroids are
less preferred for dentoalveolar surgeries by surgeons in at least one European country [16].
Their popularity for dentoalveolar surgeries elsewhere has not been established.

The group of corticosteroids of interest is the glucocorticoids (dexamethasone and betametha-
sone, and prednisolone and methylprednisolone), because of their anti-inflammatory activities
with little or no effect on fluid and electrolyte balance [7]. Their effect has been well studied
using the third molar surgery model over the past 6 decades (Table 1). In a study that reviewed
the reported outcome of corticosteroids over the last 10 years (2006-2015), Ngeow and Lim
[7] reviewed 34 studies that administered corticosteroids via different routes which included
intravenous, intramuscular (masseter, deltoid or gluteus), submucosal, endoalveolar and oral
administrations. They found that benefits could be derived from the short-term use of cortico-
steroids with regards to pain, swelling and trismus control following third molar surgery, with
no side effects observed. However, there were two limitations to their study, namely restriction
to studies performed only throughout the last decade, and exclusion of studies that compared
corticosteroids with other drugs, intervention or treatment, except when the corticosteroid was
administered with an adjuvant therapy related to third molar surgery, namely an antibiotic.

Some 10 years ago, a systematic review and meta-analysis by Markiewicz et al. [24] reported
that perioperative administration of corticosteroids produced a mild to moderate reduction in
swelling and improvement of trismus after third molar surgery. More recently, another three
meta-analyses specifically reported on the effect of dexamethasone in third molar surgery. Two
reviewed the effect of submucosal injection of dexamethasone [25, 26], while the third reviewed
the preemptive effect of dexamethasone [27]. The findings of two meta-analyses on submu-
cosal injection are different. Chen et al. reported that submucosal injection of dexamethasone
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reduced not only early and late oedema but also early trismus [25], while Moraschini et al.
reported that submucosal dexamethasone was effective in reducing pain and swelling, but not
trismus [26]. The last meta-analysis looking solely on preemptive dexamethasone against other
oral anti-inflammatories found that it is more effective than methylprednisolone for reduc-
ing swelling and trismus. However, the authors found insufficient evidence to conclude that
dexamethasone is better than other nonsteroidal anti-inflammatories or methylprednisolone
as a preemptive analgesic [27]. In term of mode of administration, it has been suggested that
systemic administration of corticosteroids is more effective [8].

Table 1 summarises all relevant studies on the use of corticosteroids using the third molar
surgical model throughout the last 61 years. It shows a change in the trend of corticosteroid
prescription, with low-dose single dose being favoured in the last two decades instead of the
multiple or high-doses popular in the 1970s till 1990s. However, not many studies have look
into the effect of corticosteroids in other oral surgical procedures. One reason for this limitation
is the lack of opportunity to perform standardisation that is needed with other oral surgery/
dentoalveolar surgical procedures. Mead et al. and Linenburg were among the few researchers
who were able to conduct tests on patients undergoing different types of oral surgical proce-
dure, including third molar surgery [28, 29]. Mead et al. administered oral triamcinolone post-
operatively to 96 patients who had undergone varied oral surgical procedures and reported
that it was superior to placebo in reducing oedema, pain and trismus [28].

In contrast, Linenburg studied the effect of dexamethasone on patients undergoing treatment
of cellulitis and trismus due to an infectious process [29]. He reported a higher percentage of
patients treated with corticosteroids being cured of cellulitis and trismus after 4 days than con-
ventional treatment of hospitalisation, antibiotics, drainage and heat application. Linenburg
also conducted a trial on 12 patients undergoing a full-mouth or a maxillary alveoloplasty
and found that oedema and trismus last longer in patients without dexamethasone. A dou-
ble-blinded comparison was performed on 50 patients undergoing both removal of bilater-
ally impacted third molars and full-mouth or maxillary alveoloplasty, and again he found that
oedema and trismus last longer in patients without dexamethasone [29].

Not many randomised trials have been undertaken to study the effects of corticosteroids in
oral and maxillofacial surgery. With regards to pain and swelling, its effect in traumatology has
been studied once only in two separate RCTs; one on patients with blow out fracture [20] and
the other on those with mandibular fracture [30]. In the observer-blinded study on the effect of
dexamethasone 30 mg in blowout fracture surgery, Kormi et al. concluded that dexamethasone
decreased post-operative pain and recommended it as a preemptive analgesic. In comparison,
Dongol et al. reported that submucosal administration of dexamethasone after open reduction
and internal fixation for mandibular fractures was effective in reducing post-operative swelling
and pain. However, they did not observe any significant difference in mouth opening or dif-
ficulty in mandibular function [30].

Systemic corticosteroids are used to prevent post-surgical facial oedema, enhance patient com-
fort and prevent potential upper airway compromise in orthognathic surgery. Several trials
even hinted a neuroregenerative effect on inferior alveolar nerve affected by orthognathic sur-
gery [31]. Seo et al. reported that corticosteroids have the potential to accelerate the recovery
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of sensory impairment and it is desirable to start treatment later than 1 week post-operatively.
For the record, the first recommendation for using corticosteroids in orthognathic surgery was
made by Guernsey and DeChamplain [32] who reviewed complications affecting 22 patients
who underwent sagittal ramisection. They suggested that post-operative swelling could be
controlled by a regimen of dexamethasone used perioperatively. They described the diminu-
tion of post-operative oedema empirically but did not explain how they arrived at their rec-
ommended regime of corticosteroids. A study undertaken by Munro et al. [33] 2 years later
however, failed to support this recommendation. There are, however, several trials that later
confirmed the reduction of swelling in orthognathic patients [17, 34]. Most of them have been
meta-analysed and/or underwent systematic review by several authors throughout the last
7 years [35]. Among others, Schaberg et al. reported that perioperative methylprednisolone
(1 mg/kg) was effective in patients who underwent either a Le Fort I osteotomy or a transoral
vertical osteotomy, as compared to control patients who were not given this medication [36].
Similarly, Weber and Griffin reported a reduction of swelling when dexamethasone was given
perioperatively in patients undergoing bilateral sagittal split osteotomy (BSSO) [37]. This find-
ing has been confirmed by other authors [34] who recently reported that the most effective dose
of dexamethasone for bilateral sagittal split osteotomy was 16 mg given preoperatively.

Widar et al. although reported that betamethasone (single dose or multiple repeated dose up
to 16 mg) reduces swelling, it does not reduce neurosensory disturbances over time in patients
undergoing bilateral sagittal split osteotomy [17]. Similar findings have been reported by
Mensink et al. and Pourdanesh et al. [38, 39]. Similar impact on the neurosensory disturbances
after zygomatic complex fracture has been reported recently by Haapanen et al. [40]. Because
of the limited number of studies that listed the benefit of administration of corticosteroids in
orthognathic surgery, there is still a need for more robust evidence to support their use [41].

Although many studies and systematic reviews found that corticosteroids are beneficial in con-
trolling various post-operative sequelae, there are some who discouraged their use because of
the fear of several potential adverse side effects [42]. A most recent systemic review and meta-
analysis on the perioperative use of corticosteroids in orthognathic surgery although confirmed
that they reduced facial oedema, found that adverse effects were inconsistently screened and
reported [37]. The least severe adverse effect is the development of steroid induced acne in
some female orthognathic surgery patients [43]. Other more severe complications include adre-
nal suppression [44], acute psychiatric reactions such as psychosis or inappropriate euphoria
[42], a higher infection rate and decreased healing potential.

There are several recent studies that reported conflicting adverse effects with regards to distur-
bance in surgical wound healing, especially in major oral and maxillofacial surgeries. Thorén
et al. in a retrospective study reported that the rate of disturbance in surgical wound healing
for patients who had received perioperative steroids was more than twice (6.0%) the corre-
sponding rate for patients who did not receive steroids (2.8%), although this difference was not
statistically significant. They reported that intraoral surgical approach was a significant predic-
tor to this adverse effect [45]. Snéll et al. in contrast, did not observe similar problem in opera-
tive treatment of mandibular fractures, although they found that older age was a significant
predictor of impaired healing [46]. However, in another study on open reduction and fixation
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of zygomatic complex fractures, Snill et al. reported increased disturbance in surgical wound
healing and did not recommend the administration of corticosteroids for such surgery [47].

Other serious complications associated with the administration of corticosteroids are acute
gastrointestinal reactions (abdominal pain, haematemesis, and/or maelena), hyperglycemia,
superinfection and septicaemia [48] and avascular necrosis of the femoral head [49]. It has been
reported that common regimes used in orthognathic surgery involve a total dose of 1830 mg
of methylprednisolone over a 30-hour period, a dosage similar to some short-term, high-dose
regimens described in orthopaedic case reports of avascular necrosis of the femoral head
[49]. Hence, there is a potential risk for this group for patients to develop avascular necrosis.
Fortunately, Precious et al.,, found no evidence that this has occurred in the only study that
reviewed the need of total hip replacement in 1276 orthognathic patients. They concluded that
the use of systemic corticosteroids for short duration in orthognathic surgery is unlikely related
to AVN of the femoral head and the attendant need for total hip replacement [50].

3. Corticosteroids in oral medicine

3.1. Recurrent aphthous ulcer

Recurrent apthous ulcers top the list of the commonest oral mucosal lesions encountered by
any dental practitioners. Generally, this condition is self-limiting and resolves within 2-3 weeks
with the exception of major recurrent aphthous ulcer [162]. Despite it being self-limiting, the
pain and the frequency of recurrence can be very devastating to the patients. Corticosteroid is
one of the available treatment options for recurrent aphthous ulcers.

The use of topical corticosteroids can be advocated when topical anesthetic, antiseptics and
anti-inflammatory agents are no longer effective in relieving the discomfort caused by these
ulcers. It was suggested to begin with less potent drug such as triamcinolone and moving
gradually to more potent corticosteroids like clobetasol [163]. These corticosteroids come in the
form of mouthwashes, ointments, creams and adhesive pastes.

Triamcinolone acetonide 0.1% is the commonly used concentration although it can actually be
used at concentration ranging from 0.05 to 0.5%, and is usually applied 3—4 times a day [164].
For maximum effect of the drug, it should be in contact with the ulcer for as long as possible.
Therefore, it is advisable to refrain from any oral intake within 20 minutes after application or
touching the affected area [164]. Fluocinolone acetonide and clobetasol require lower concen-
trations of 0.025-0.05% since they are potent corticosteroid. These drugs are usually applied
4-5 times a day [164]. Al-Na’amah et al. in 2009 studied the use of dexamethasone 0.1% by
comparing it to triamcinolone acetonide 0.1% and found that both drugs are effective in the
treatment of recurrent aphthous ulcers [159].

On the other hand, systemic corticosteroids are rarely required in the treatment of recurrent
aphthous ulcers except for cases that are not responsive to topical medications [165]. Oral pred-
nisone with starting dose of 25 mg/day is recommended [165]. This is then followed by tapering
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of the dosage during a period of 2 months. The tapering regime as reported by Femiano et al.
in 2003 and 2010 (Table 2) had been shown to be effective in the treatment and prevention of
recurrence of aphthous ulcer [161].

3.2. Oral lichen planus

Table 3 shows that topical corticosteroids are reasonably effective in the treatment of oral
lichen planus. The use of more potent corticosteroids was associated with more improve-
ment following therapy. However, incidence of oral candidiasis also increased in proportion

Authors (year) Corticosteroids Outcomes

Pain reduction Ulcer size  Duration of  Recurrence

reduction ulcer

Topical
Yeoman (1978) Betamethasone valerate 1 puff Reduced _ Reduced _
[152] QID (max 16 puff/24 hours)
Pimlott (1983) 0.05% fluocinonide ointment ~ Reduced _ Reduced Less
[153] + orabase
Lo Muzio et al. 0.05% clobetasol ointment Reduced _ - _
(2001) [154]
Rhodus and Kenalog-in-Orabase, TDS Reduced _ Reduced _
Bereuter (1998)
[155]
Teixeira et al. 0.1% mometasone furoate Reduced _ Reduced _
(1999) [156] lotion QID
Rodriguez (2007)  0.05% clobetasol propionate Reduced Faster _ _
[157] oral paste QID x 5 days
Al-Na’amah et al. Dexamucobase; 0.1% Reduced Faster Reduced _
(2009) [158] dexamethasone QID
Al-Na'amah et al.  Kenalog; 0.1% triamcinolone ~ Reduced Fast Reduced

(2009) [158]

Fani et al. (2012)
[159]

Systemic

Femiano et al.
(2003) [160]

Femiano et al.
(2010) [161]

acetonide QID

0.1% triamcinolone acetonide
ointment TDS

Prednisone

25 mg OD x 1 week, 20 mg
OD x 2 weeks, 15 mg OD x

2 weeks, 10 mg OD x 2 weeks,
5mg OD x 1 week

Prednisone

25 mg OD x 15 days, 12.5 mg
OD x 15 days, 6.25 mg OD

x 15 days, 6.25 mg EOD x

15 days

Significantly better therapeutic effect in triamcinolone group

Reduced

Reduced.

Reduced

Reduced

Less

Less

Table 2. Topical and systemic corticosteroids used in the treatment of recurrent aphthous ulcer.
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Corticosteroid Author (year) Results (%)
Complete Partial response No response
response
Hydrocortisone hemisuccinate Holbrook et al. (1988) [165] 48 37 15
Betamethasone sodium Hegarty et al. (2002) [166] 0 73 27
phosphate
Betamethasone valerate 0.1 mg Cawson (1968) [167] 43 23 34
Triamcinolone acetonide 0.1% Thongprasom et al. (1992) 42 Not mentioned  Not mentioned
[168]
Fluocinolone acetonide 0.1% Thongprasom et al. (1992) 68 Not mentioned ~ Not mentioned
[168]
Fluocinonide 0.05% Lozada and Silverman 52 48 0

(1980) [169]

Voute et al. (1993) [170] 20 60 20
Carbone et al. (1999) [171] 25 65 10
Fluticasone propionate 0.05% Hegarty et al. (2002) [166] 0 80 20
Clobetasol propionate 0.05% Lozada-Nur et al. (1991) 56 22 22
[172]
Sardella et al. (1988) [173] 57 21.5 21.5
Carbone et al. (1999) [170] 75 25 0
Gonzales-Moles et al. (2002) 93 0 7
[174]

Table 3. Topical corticosteroids used in the treatment of oral lichen planus.

to the potency of corticosteroids used [169, 171]. Carbone et al. in 2003 reported that the use
of topical corticosteroid can be as effective or even more effective than systemic corticoste-
roids in the treatment of oral lichen planus [175]. On the other hand, the use of systemic cor-
ticosteroids should be restricted to acute exacerbations or multiple lesions. Topical regime
can be prescribed in combination of systemic regime to reduce side effects of systemic cor-
ticosteroids [176]. The commonly used systemic corticosteroid is prednisone which is usu-
ally prescribed within the range of 40-80 mg/day to achieve clinical response. To avoid
adverse effects of this drug, it is best to prescribe the lowest dose for the shortest duration
possible. To achieve this, prednisone can either be given for a brief period of 5-7 days and
stop abruptly or the dose can be tapered down by 5-10 mg/day gradually over a period of
2-4 weeks [177].

Intralesional injection is another alternative for administrating corticosteroids in the treatment
of oral lichen planus. Hydrocortisone, dexamethasone, betamethasone, triamcinolone aceton-
ide and methylprednisolone have been used for intralesion injection. This method is however,
painful and causes localised mucosal atrophy. Intralesional injection is also not feasible in cases
of multiple widespread lesions [176, 178].
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3.3. Pemphigus vulgaris and mucous membrane pemphigoid

Corticosteroids have become the mainstay of treatment for pemphigus ever since the first case
series reported by Ryan in 1971 [179]. Despite being the gold standard in the treatment of pem-
phigus, the use of corticosteroids is still mulled by many physicians due to the adverse effects of
long-term treatment and difficulty in ascertaining the best regimen [180]. Due to the high mortal-
ity rate of this condition, studies conducted were just comparing various groups of drugs used,
different dosages and modes of administration rather than purely investigating the efficacy of
a particular drug. Most of the articles published were mainly case reports and case series [181].

More than three-quarter of the patients with pemphigus vulgaris presented with oral lesions.
And these lesions are the presenting signs of half of the patients diagnosed with pemphigus
vulgaris [182]. As in the treatment of oral lesions in pemphigus vulgaris, oral lesions secondary
to mucous membrane pemphigoid are also treated with moderate to high potency topical cor-
ticosteroids (fluocinonide 0.05%, clobetasol 0.05%), applied 2-3 times per day. The frequency of
application can be tapered gradually with improvement of symptoms [182]. Bear in mind that
as a result of prolonged topical corticosteroids use, infection such as candidiasis and reactiva-
tion herpes simplex virus can occur. Combination of other drugs such as dapsone, tetracycline
and nicotinamide is recommended.

As for systemic corticosteroids, an initial dose of 0.5-1 mg/kg/day of prednisone plus
adjuvant immunosuppressants is recommended. This dose is continued until all existing
lesions have healed and no development of new lesions is noticed clinically. Once this is
achieved, tapering of the dose can be performed [182]. The ultimate aim in the treatment
strategy is to minimise the dose of systemic corticosteroids while controlling the disease
with immunosuppressants.

In patient with severe pemphigus vulgaris, corticosteroid pulse therapy can be administered
to induce remission. In this therapy, a very high-dose of corticosteroid (500-1000 mg methyl-
prednisolone or 100-200 mg dexamethasone given in divided dose on 3 consecutive days) is
given in a short period of time in combination immunosuppressants and maintenance dose
of corticosteroids [183].

3.4. Bell’s palsy

With an unclear knowledge of the aetiology of Bell’s palsy, it poses a great challenge in coming
up with an optimal treatment of the condition. To achieve a good outcome, corticosteroid needs
to be given within 72 hours of onset of facial palsy. Berg et al. in 2012 found that prednisolone
given within 72 hours of onset of palsy significantly improve outcome in mild to moderate palsy
but not in severe palsy. The regime used was prednisolone 60 mg/day for 5 days, followed by
10 mg/day for another 5 days [184]. Using the same regimen, another study found that pred-
nisolone significantly achieve complete recovery in mild to severe palsy and less synkinesis
observed in mild and moderate palsy. However, no significant reduction of synkinesis in severe
cases was reported [185]. Murthy and Saxena in 2011 suggested two corticosteroid regimens for
the treatment of Bell’s palsy which were either prednisolone 60 mg/day for 5 days followed by
10 mg/day for another 5 days or prednisolone 25 mg twice a day for 10 days [186]. The American
Academy of Otolaryngology-Head and Neck Surgery recommended a 10-day course of oral
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steroids with at least 5 days at a high-dose (either prednisolone 50 mg for 10 days or prednisone
60 mg for 5 days with a 5-day taper) initiated within 72 hours of symptom onset [187].

Conflicting results were reported in different studies on the benefit of combining anti viral
therapy with corticosteroid to achieve better outcome. Minnerop et al. reported that combina-
tion of famciclovir and prednisone was superior to prednisone alone in cases of severe Bell’s
palsy [188]. Combining antiviral therapy with prednisone increase the recovery rate slightly
but not significantly compared to prednisone monotherapy [189]. On the other hand, vala-
cyclovir was found to have no additional effect to prednisolone in sequelae of Bell’s palsy
[869] and the addition of acyclovir to prednisolone did not significantly improve recovery
from Bell’s palsy [190]. Despite conflicting results from various studies, Madhok et al. in their
Cochrane review in 2016 concurred with current evidences that corticosteroids showed sig-
nificant benefit in the treatment of Bell’s palsy [191].

3.5. Temporomandibular joint

In year 1953, Horten reported the use of intraarticular injection of steroids into the temporo-
mandibular joint (TM]) space. Being the first to perform this procedure in the TM], he was
then inspired by Hollander and colleagues” work where they injected hydrocortisone into other
arthritic joints [192]. Kopp et al. in 1985 injected betamethasone into the TM] space in a group of
patients with TM] pain and dysfunction, showed that betamethasone was effective in reducing
joint pain up to 4 weeks [193]. About 6 years later, Kopp and colleagues performed intraarticu-
lar injection using methylprednisolone which showed similar promising results up to 4 weeks
[194]. Bjernland et al. injected betamethasone into the TM] space of patients with osteoarthri-
tis and myofascial pain 10 years ago. Although betamethasone managed to reduce joint pain,
sodium hyaluronate which was given in the other study group was found to be more effective
[195]. Another promising use of corticosteroids is for the management of disc displacement
without reduction. Samiee et al. found that combined intraarticular injection of local anaes-
thetic and corticosteroids improved mouth opening [196].

Using computed tomography (CT) scan, Moystad et al. evaluated the bony changes in osteo-
arthritic TMJ following intraarticular injection of sodium hyaluronate and corticosteroid (beta-
methasone). The number of cases that showed disease progression, regression and no changes
were almost equal [197]. This finding raised the question on the effectiveness of corticosteroids
as intraarticular injection. Another study by Bouloux et al. recently again showed no added
effect of using corticosteroids or another agent, hyaluronic acid in arthrocentesis [198]. In cases
of juvenile idiopathic arthritis, a study by Resnick et al. showed that although intraarticular
corticosteroid (triamcinolone hexacetonide) injection did reduce TM]J sinovitis pain, its efficacy
for long-term inflammation and joint destruction control needs further studies.

4. Corticosteroids in endodontology

The first intracanal medication using corticosteroids was reported by Wolfsohn in 1954.
In that study, he showed that hydrocortisone was effective in reducing severe secondary
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inflammatory reactions in the apical periodontal tissue following endodontic treatment
[208]. Other authors who also used corticosteroids as intracanal medication, as listed in
Table 4, reported beneficial outcome in the post-operative or post-instrumentation pain.
Besides reducing pain, Thong et al. reported that the use of corticosteroid-antibiotic and
calcium hydroxide significantly inhibited periodontal ligament inflammation and inflamma-
tory root resorption [209]. A well-known intracanal medication, Ledermix®, is corticosteroid-
antibiotic compound which consists of 1% triamcinolone acetonide and 3.2% demeclocycline
hydrochloride in a polyethylene glycol base. The function of antibiotic in that paste is to
compensate for the possible corticosteroid-induced immunosuppessing effect [210]. Despite
being an effective intracanal medication, Ledermix® was found to cause discolouration of the
teeth especially when it is placed above the cementoenamel junction. Therefore, to avoid this
Ledermix® should be placed below the gingival margin [211].

Similar to the use of corticosteroids in third molar surgery, local injection of corticosteroids
have been found to reduce post treatment pain. Kaufman et al. evaluated the effect of intra-
ligamental injection of corticosteroids on post treatment pain. They found that intraligamental
injection of methylprednisolone significantly decreased post treatment pain [202]. Nobuhara
et al. in their histological study found that local infiltration of dexamethasone significantly
reduced inflammation of the periapical tissue [212].

Author (year) Corticosteroids Outcome

Post treatment

pain

Intracanal

Rogers et al. (1999) [199] Dexamethasone 0.4 mg (intracanal) and ketorolac tromethamine Reduced

3 mg (intracanal)

Negm (2001) [200] Kenacomb (antibiotics and triamcinolone acetonide 0.1%) Reduced
Ehrmann et al. (2003) [201]  Ledermix (1% triamcinolone acetonide, 3.2% demeclocycline) Reduced
Local (injection)

Kaufman et al. (1994) [202]  4-8 mg methylprednisolone (intraligamental injection) Reduced

Systemic

Stewart and Chilton (1958) Metreton (2.5 mg prednisone, 2 mg chlopheniramine) TDS x 2 days, =~ Reduced

[203] penicillin 250 mg TDS x 3 days

Stewart (1962) [204] Dexamethasone 0.75 mg BD x 2 days Reduced
Krasner and Jackson (1986) Dexamethasone 0.75 mg x 7 tablets, 3 tablets immediately after Reduced
[205] procedure, one tablet every 3 hours

Glassman et al. (1989) [206] Dexamethsone 4 mg x 3 tablets, one tablet taken immediately after Reduced
procedure, one tablet every 4 hours

Liesinger et al. (1993) [207]  Dexamethasone 0.07-0.09 mg/kg (intramuscular injection) Reduced

Table 4. Studies on usage of corticosteroids via various routes of administration.
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From the studies shown in Table 4, it is obvious that they confirmed the favourable result of
systemic administration of corticosteroids in alleviating post treatment pain. In all the studies,
corticosteroids were only given for a very short period. Therefore, the possibility of adverse
effects arising from short-term corticosteroids is very unlikely [7].

5. Conclusion

The uses of corticosteroids are very well established in the field of oral medicine and
endodontology. On the other hand, in the field of oral and maxillofacial surgery, despite
being consistently effective in controlling post-surgical oedema, corticosteroids provide
rather less consistent outcome in pain control as well as trismus reduction. Its impact on
wound healing is varied.
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Abstract

Cortisol is the major corticosteroid in teleost fish, secreted and released by interrenal
cells of the head kidney during activation of the hypothalamic-pituitary-interrenal (HPI)
axis. Although cortisol is universally recognized as a key mediator of stress-associated
responses, other hormones are also involved in the stress response, e.g., arginine vasoto-
cin (AVT), isotocin (IT), urotensins, dopamine, serotonin or $-endorphin. Cortisol affects
AVT and IT secretion from nerve endings in gilthead sea bream (Sparus aurata) and round
goby (Neogobius melanostomus). Moreover, it is pointed out that different mechanisms
are involved in the regulation of AVT and IT release from the hypothalamic-pituitary
complex in round goby. In the case of AVT, both genomic and nongenomic pathways are
mediating the effect of cortisol while in the case of IT, it is only the nongenomic pathway.
In turn, urotensin I instead of corticotropin-releasing factor (CRF) may contribute to the
regulation of HPI axis and regulate AVT in Sparus aurata. In this species, urotensin II
together with AVT and IT may control stress response to different salinities. Therefore,
AVT, IT and urotensins, and their interactions with cortisol, seem to be significant in
response to stress in fish.

Keywords: stress, cortisol, AVT, IT, UI, UL, in vitro techniques, fish

1. Introduction

Stress triggers reactions in all living organisms, and fish are no exception to this rule. It is
known that fish are exposed to stress, not only in nature but also in aquaculture, fish mar-
kets and laboratories. In the past decades, knowledge and understanding of stress in fish has
increased, particularly in the field of physiological mechanisms and responses that lead to
changes in metabolism, growth, immune function, reproductive capacity and natural behavior.
Interestingly, fish have proved to be more sensitive to stressors than many other vertebrates and
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responded to stressors at the intensity levels that are often far below those that can be detected
by terrestrial animals [1-4]. The stress response in fish has been widely categorized into the
primary, secondary and tertiary responses [5-11]. The primary response (the neuroendocrine
response) includes the rapid release of stress hormones, catecholamines and corticosteroids,
into the circulation [1, 12, 13]. This physiological response to stressors encompasses activation
of the brain-sympathetic-chromaffin cell (BSC) axis and the hypothalamic-pituitary-interrenal
(HPI) axis [1] (Figure 1). During the BSC axis activation, chromaffin cells of the head kidney
release catecholamines (adrenaline and noradrenaline) from sympathetic nerve terminals.
Catecholamines are controlled by factors released from sympathetic nerve terminals, mainly
acetylcholine and angiotensin. The action of catecholamines includes increased hemoglobin
oxygen affinity, arterial blood pressure [14] and glucose mobilization from liver and muscles
[1]. The activation of HPI axis comprises the corticotropin-releasing factor (CRF) release from
the hypothalamus, which in turn stimulates the corticotrophic cells in the anterior pituitary to
secrete adrenocorticotropic hormone (ACTH). Following that, the interrenal cells of the head
kidney synthesize and release cortisol into the circulatory system. In teleosts, the head kidney a
major endocrine, hematopoietic and lymphatic tissue, are the equivalent of the adrenal gland in
mammals [1, 12]. The secondary response comprises the various biochemical and physiological
effects such as metabolic changes (increased glucose and lactate in blood and decreased tissue
glycogen), osmoregulatory disturbance (water/ion balance), changes in hematological features
(hematocrit, leukocrit and hemoglobin), cellular changes (increased heat shock or stress protein
production) and changes in the immune response (lysozyme activity and antibody production)
[13, 15-17]. The tertiary response represents changes in whole-animal performance character-
istic (growth, swimming capacity and disease resistance) and modified behavioral patterns
(feeding, aggression and reproduction) (“for review [9, 11, 18]”).

In fish, cortisol acts as a regulatory factor for a wide range of physiological functions under
normal conditions and also to allow for rapid physiological adjustments in the face of expo-
sure to stressors [13]. Cortisol appears to play a pivotal role in the aerobic and anaerobic
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Figure 1. The stimulation of BSC axis and HPI axis in response to stress in fish.
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metabolism, stimulating several aspects of intermediary energy metabolism, elevating oxy-
gen uptake, increasing gluconeogenesis and inhibiting synthesis of glycogen synthesis [1,
13, 19-21]. Furthermore, increases in plasma corticosteroids have a wide range of other met-
abolic effects including increases in protein turnover, regulation of amino acid metabolism,
ammonia output and increased lipolysis (“reviewed in [13]”). This hormone also performs
an osmoregulatory function in teleosts, being the main hormone for seawater adaptation
and ion uptake [22, 23]. Moreover, cortisol may regulate the immune response in fish [1, 13,
24]. Cortisol modulates, among others, the tissue inflammatory response through inhibi-
tory effects on cytokine production [25] and appears to attenuate the cellular heat shock
protein response to thermal insult [26, 27]. Corticosteroid hormones may highly participate
in the modulation of the reproductive endocrine control in both sexes [18].

It should be noted that cortisol dramatically rises during stress and seems to be a key mediator
of stress-associated responses [13, 28]. There is considerable variability in the magnitude of the
corticosteroid response among species [9, 29, 30]. Among teleosts, some species exhibit high
cortisol concentrations (107-10° M) in response to acute stress [9], while some species reveal
low cortisol levels (10°-10® M) in response to the same stress [31-33]. Most fish species show
their increase in plasma cortisol within about 0.5-1 hour after a stressful disturbance [34, 35], but
there are exceptions to the role. In the sea raven (Hemitripterus americanus), circulating cortisol
takes up to 4 hours to reach its peak level following an acute stressor [36]. Probably, the slow rate
of response to the stressor may help conserve energy in a normally inactive, sedentary, benthic
marine species having a slow metabolic rate [36]. Corticosteroid responses to stress also vary
within species according to the duration or severity of the stressor (“for review: [9]”). What is
more, differences in corticosteroid stress responses may exist among strains or stocks within the
same fish species [37, 38], their hybrids [39], and between wild and hatchery fish [40]. It should
be noted that the variation in stress responses within a single strain or population may indicate
genetic determinants [41-43]. Beyond genetic and environmental factors, the developmental
stage of the fish can also affect its responsiveness to a stressor (“for review: [9]”).

2. How does cortisol interact with other hormones in fish?

Although cortisol is universally recognized as a critical component of the endocrine response to
stress, other hormones are also involved in the stress response, e.g., arginine vasotocin (AVT),
isotocin (IT), urotensins, dopamine, serotonin or (3-endorphin [13, 44-48]. However, other hor-
mones, such as thyroxine, prolactin and somatolactin can also elevate during stress but they have
not yet been demonstrated to be useful stress indicators per se [49-51]. Our interest has focused on
nonapeptides AVT, IT and urotensins, and their interactions with cortisol, in response to stress.

2.1. Arginine vasotocin, isotocin and urotensin I

Nonapeptides, such as AVT and IT, are fish homologs of the mammalian arginine vasopressin
(AVP) and oxytocin (OT) [52]. In fish, AVT and IT are synthesized in separate parvo- and mag-
nocellular neurons of the preoptic area (POA), stored in axon terminals in neurohypophysis
and released into the circulatory system after proper stimulation [53-55]. Only mature nona-
peptides, after dissociation from the noncovalent complex, play an active role as peripheral
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hormones and neurotransmitters or neuromodulators in the central nervous system (CNS).
The physiological role of AVT involves cardiovascular activity and maintenance of water/
ion homeostasis. Both nonapeptides interact with other endocrine systems and control social
and reproductive behavior [56-59]. More importantly, there is evidence that AVT and IT are
engaged in physiological stress response in fish. Changes in hypothalamic, pituitary and
plasma AVT and IT concentrations were found in many fish species subjected to various unfa-
vorable situations such as confinement, disturbance, high density, food deprivation or osmo-
regulatory stress [33, 47, 60]. Therefore, AVT and IT are important components of stress axis
in fish [61]. Moreover, AVT neurons are colocalized with CRF in the preoptic nucleus (NPO)
[62, 63], and the expression of AVT and CRF mRNAs increases simultaneously in response to
various stressors in many fish spices [56, 64, 65]. In vitro studies have shown that independently
or in synergy with CRF, AVT stimulates ACTH release from fish pituitary cells [44, 66, 67]. In
gilthead sea bream (Sparus aurata), unlike other teleosts, CRF is not a releasing factor for ACTH
and cortisol, because there are no anatomical connections between CRF perikarya and ACTH
cells in the adenohypophysis [68-70]. Therefore, it is possible that urotensin I (Ul) instead of
CRF regulates AVT and IT release in S. aurata.

It has been known that Ul is implicated in the regulation of neuroendocrine, autonomic and
behavioral responses to stressors in fish [71, 72]. Gene expression of Ul was found not only in
urophysis but also in the telencephalon-preoptic, hypothalamic, optic tectum-thalamus and
posterior brain regions, which indicates the regulatory action of this peptide in CNS [73-75].
The structural similarity of UI with CRF suggests similar hypophysiotropic roles of both hor-
mones in HPI axis in fish [76-78]. It has been established that Ul modulates cortisol secretion
either directly by acting on steroidogenic cells of an interrenal tissue or indirectly via the
hypothalamic-pituitary axis [71, 77, 79, 80]. In many fish species, Ul-immunoreactive (Ul-ir)
fibers from the nucleus lateral tuberalis (NLT) extend to the pituitary where they may interact
with AVT and IT nerve terminals [81-84].

The effect of cortisol on AVT has been examined in vivo in gilthead sea bream. The application
of cortisol implants enhanced the hypothalamic expression of AVT mRNA and subsequently
hypophysial AVT content in this species [85]. Although IT studies are very limited, they sug-
gest that IT potentiates ACTH release from fish pituitary cells [44]. The in vitro effect of cor-
tisol or Ul on AVT and IT secretion in fish has been studied only by Kalamarz-Kubiak et al.
[86]. In this study, primary cultures of pituitary cells were prepared by a modification of the
method described by Levavi-Sivan et al. [87, 88]. Pituitary cells were cultured with medium
supplemented with cortisol (1.4 x 10, 1.4 x 107 and 0.4 x 10° M) or UI (1072, 107° and 10® M).
The doses of cortisol were chosen taking into account different cortisol responses to stress in
various fish species [9, 29, 30]. The doses of Ul used in the cell culture were determined based
on the literature, considering its concentration in different tissues [29, 30, 80, 89, 90]. After 6,
24 and 48 hours, the media were collected and stored at -70°C until AVT and IT analysis. AVT
and IT concentrations were determined in incubation media by HPLC with fluorescence and
UV detection according to a modified procedure by Kulczykowska [91].

The study performed by Kalamarz-Kubiak et al. [86] demonstrated that AVT and IT secre-
tion from nerve ending of S. aurata pituitary was influenced by cortisol and UL In this study,
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cortisol showed a stimulatory action on pituitary cells of S. aurata inducing AVT secretion
at all doses. Dose-dependent effect of cortisol on AVT secretion has been manifested after
24 hours of cell culture. In mammals, the influence of cortisol on AVP secretion was studied
by in vivo and in vitro methods [92, 93]. In turn, other findings indicate that the expression of
AVP in parvocellular neurons of the paraventricular nucleus (PVN) and AVP secretion into
the pituitary portal circulation increase under chronic stress in rats [94-97]. It is also shown
that stress upregulates the number of AVP receptors in rat anterior pituitary [96]. The results
presented by Kalamarz-Kubiak et al. [86] demonstrated that the stimulatory effect of corti-
sol on AVT secretion from nerve ending of S. aurata pituitary diminishes after 48 hours of
culture. The most likely explanation for the decline seems to be the depletion of AVT stores
without subsequent supplementation of secretory granules from AVT-ergic nerves. However,
corticoid receptor (CR) desensitization could be another cause. In mammals, desensitization
of CRs is the result of physiological processes, as well as stress, and disease [98-100]. On the
other hand, the reduction of AVT secretion after 48 hours of cortisol exposure could be also
linked with an increase of aminopeptidase activity responsible for nonapeptide metabolism
as it was shown in rats and chickens [101-103]. As in the case of AVT, in vitro cortisol action
on IT secretion in teleosts was not known. Results presented by Kalamarz-Kubiak et al. [86]
showed that cortisol decreased IT secretion from nerve ending of S. aurata pituitary. In mam-
mals, cortisol action on OT was investigated by in vitro and in vivo experiments. It was found
that glucocorticoids exert an inhibitory effect on the neurosecretory activity of parvocellular
OT-ergic neurons of rats [104]. In rats, the increase in plasma OT levels after intravenous injec-
tion of isotonic or hypertonic saline was blocked by dexamethasone [105].

For the reasons mentioned above, it was presumed that UI, instead of CRF, might regulate
AVT and IT release in S. aurata. In the in vitro study presented by Kalamarz-Kubiak et al. [86],
the dose-dependent stimulatory effect of Ul on AVT secretion from nerve ending of S. aurata
pituitary was observed after 6 hours of culture. In rats, it has been shown that UI slightly
increases the hypothalamus AVP secretion in vitro, indicating the probable stimulatory effect
of this peptide on AVT production [106]. In turn, the presented in vitro results [86] have dem-
onstrated that after 24 hours only the highest dose of Ul elevates AVT secretion from S. aurata
pituitary cells. Moreover, this stimulatory effect of Ul completely expires after 48 hours of
pituitary cell culture. Since Ul is a natural ligand of CRF receptors (CRFRs) [78, 107], the later
desensitization of CRFRs may be an explanation of these results. A number of in vitro studies
demonstrate desensitization of CRFRs [108-111]. Moreover, it is also known that Ul increases
cortisol secretion [108-111]. Thus, Ul may also influence AVT secretion indirectly, stimulating
cortisol release. In gilthead sea bream, UI did not affect IT secretion from pituitary cells. Note
that the influence of UI on IT or OT secretion had never been investigated before. The oppo-
site response of AVT and IT to Ul or cortisol exposure in pituitary cell culture is in accordance
with other data showing an independent regulation of nonapeptide secretion [58, 112]. In a
summary, the following conclusions were formulated:

¢ Cortisol affects AVT and IT secretion from nerve endings in S. aurata pituitary.

* Cortisol stimulates AVT secretion in a dose-dependent manner and inhibits IT secretion in
S. aurata pituitary cell culture.
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¢ Ul stimulates AVT secretion but does not influence IT secretion from nerve endings in
S. aurata pituitary.

¢ Ulinstead of CRF may contribute to the regulation of HPI axis and regulate AVT secretion.

* AVT and IT are essential components of stress response in fish.

2.2. Urotensin II

At the beginning of this chapter, it was noticed that besides cortisol, urotensins are also
involved in the response to stress in fish. Ul action has already been discussed. In turn, uro-
tensin II (UIl), a cyclic peptide originally isolated from the urophysis of the goby (Gillichthys
mirabilis) [113], appears to be involved in the control of osmoregulatory and metabolic func-
tions and also in the cardiovascular and gastrointestinal activities, and immune response in
teleosts [114-118]. In the European flounder (Platichthys flesus), urophysial UII content rose
over the 24 hours following a transfer from seawater to fresh water, whereas plasma UII
content and UII receptor expression in kidney and gill decreased, implying downregulation
of the UII system [115, 119]. It should be noted that in fish, hormonal regulation of water and
ion homeostasis requires participation and interaction of many endocrine systems at the vari-
ous functional levels of the organism [58]. In teleosts, also AVT and IT seem to be involved
in the maintenance of water and ion homeostasis [57, 58]. What is more, there is also evi-
dence of the role of AVT and IT in response to different osmotic stimuli [47, 60]. It has been
observed that the synthesis of AVT and IT and their release from the neurohypophysis are
sensitive to changes in water salinity. In teleosts, an acute change in water salinity results in
altered pro-AVT and pro-IT mRNA expression in hypothalamic neurons [120-122] and in the
altered content of AVT and IT in the pituitary [119, 122, 123]. It should be emphasized that the
potential relationship between AVT and other hormonal systems such as UII contributing to
the osmoregulation in fish has been suggested before [119, 124, 125]. As already mentioned,
AVT and IT are synthesized in the POA and transported to the neurohypophysis for storage
and release into the vascular system via axon terminals. UII has been identified in teleost and
nonteleost fish not only in the urophysis but also in the CNS [126-129]. Moreover, UII and
UII receptor mRNA expression has been detected in all brain regions of European flounder,
including the telencephalon-preoptic region, hypothalamus and pituitary [115]. These results
indicate the probable site of interaction between the UIl and AVT/IT systems within the POA,
hypothalamus and pituitary. In the European flounder, it was found that both UIl and AVT
are engaged in the hyper- and hypo-osmotic stress In the European flounder [119, 124, 125].
However, to the best of our knowledge, the influence of UIl on AVT and IT secretion in tele-
osts has been studied only by Kalamarz-Kubiak and coworkers [130]. The aim of this study
was to determine whether AVT and IT release from nerve endings is affected by UII in the
pituitary of gilthead sea bream. Three-year-old gilthead sea bream of both sexes were used
for in vitro study. Primary cultures of pituitary cells were prepared by a modification of the
method described by Levavi-Sivan et al. [87, 88]. Pituitary cells were cultured with medium
supplemented with UII (102, 10° and 10® M). The doses of UII used in this in vitro study
were determined based on the literature, considering its concentration in different fish tissues
[30, 125, 131]. After 6, 24 and 48 hours of incubation, the media were collected and stored at
-70°C until HPLC analysis of AVT and IT. The results of this in vitro study indicate that UII
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inhibits AVT secretion in pituitary cell culture. It has been shown that AVT is an antidiuretic
hormone reducing urine production in fish [132, 133]. Thus, by inhibiting AVT secretion, UII
may have a diuretic effect. Furthermore, it is known that UII administrated in vivo increases
renal blood flow and glomerular filtration rate and consequently enhances diuresis and natri-
uresis in the rat [134, 135]. This mammalian paradigm could be helpful in the interpretation
of fish data. The in vitro study in S. aurata indicated that UIl’s strong inhibitory action on AVT
release from nerve endings in the pituitary is independent of tested doses and exposure time.
What is more, after 24 hours of incubation, AVT inhibition was lower and persisted to the end
of culture. This disinhibition of AVT secretion after a long time of incubation may indicate the
desensitization of UII receptors as it was proved in human cell lines [136, 137]. In contrast to
AVT, Ull significantly increased IT release from nerve endings after 24 hours of culture. This
stimulatory effect of UII appeared to be independent of tested doses. In mammals, Ull is a
naturally occurring somatostatin analog sharing some functional similarities with somatosta-
tin [113, 138]. The results in fish are consistent with data in mammals that show that the intra-
cerebroventricular somatostatin infusion significantly increases plasma OT secretion in virgin
and pregnant rats [139]. Moreover, the opposite response of AVT and IT to UII exposure in
pituitary cell culture showed an independent regulation of nonapeptide secretion. This idea
was documented previously in rainbow trout (Oncorhynchus mykiss) [47, 112, 140].

From those results, the following conclusions were formulated:

» UII affects AVT and IT release from nerve endings in the pituitary of gilthead sea bream.
¢ Ull inhibits AVT release and stimulates release of IT in S. aurata pituitary cell culture.

¢ UII together with AVT and IT may control response to different salinities in fish.

The hormonal interactions between UIl and AVT and IT are presented in Figure 2.

3. What is the mechanism of cortisol action in fish?

It has been established that cortisol has both a corticosteroid and a mineralocorticoid func-
tion in fish [1]. An involvement of both classes of corticoid receptors (CRs), mineralocorticoid
(MRs) and glucocorticoid (GRs), was widely demonstrated during adaptation to different
salinities and osmoregulatory stress [141-144], fish reproduction [145, 146] and expression of
social behavior [147-149]. It is worth noting that both MRs and GRs were engaged in tilapia’s
response to handling stress [150] and expressed in rainbow trout organs with slow-release
cortisol implants [151].

Glucocorticoid and mineralocorticoid receptors are involved in the genomic and nongenomic
mechanisms of cortisol action in fish [149, 152, 153]. Corticosteroid-intracellular receptor com-
plex binds to the nuclear glucocorticoid response elements (GRE) to modulate transcription
and protein synthesis (genomic pathway) [13, 25, 154]. The nongenomic effect is mediated
through either nonspecific physicochemical interaction with the plasma membrane [155] or
specific membrane receptors such as the G protein—coupled receptor (GPCR) [156] or the

161



162  Corticosteroids

HYPOTHALAMLS
- AT IT Ul U
-
- 1
A X R
URDPHYSIS | PITUITARY

\
uj ul 1 U un

/

BLOCD
AT i _

Figure 2. The effect of cortisol, urotensin I and urotensin II on arginine vasotocin and isotocin secretion in gilthead sea
bream.

plasma membrane-bound form of GR (mGRs) (nongenomic pathway) [157]. (“Nongenomic
steroid action is presented in accordance with Mannheim classification [155].”)

3.1. What method can investigate the mechanism of action of cortisol?

Recently, there is growing concern about effects of farming and environmental pollution on
fish well-being; thus, there is the need for new tests to study the endocrine responses in fish
[158]. Furthermore, fish are increasingly being used as substitutes for mammalian model
organisms in fundamental research and as a research model for chemical testing. Hence,
research must remain focused on the discovery of new alternative techniques or on an adap-
tation of methods established for mammalian models for use as fish models [159].

The mechanism presented in this section requires a method that allows monitoring the
dynamic hormone secretion and registering even small and short-term fluctuations in their
release. Only perfusion culture method allows detailed examination of changes in the release
of hormones while ensuring optimal culture conditions. Kalamarz-Kubiak et al. [160] devel-
oped a new procedure for the unique gradient perfusion technique (3D) of brain and pitu-
itary explants collected from three-spined stickleback (Gasterosteus aculeatus) and round goby
(Neogobius melanostomus). So far, organ perfusion methods have not been often used in fish
for lack of suitable techniques. Simple organ perfusion systems were applied in pituitary
[161-165] and pineal gland [166-168] studies. However, an innovative system for organ per-
fusion (MINUCELLS and MINUTISSUE Vertriebs GmbH, Germany), proposed by Minuth in
early 1990s, gives more options for this kind of technique. This gradient perfusion technique
meets the requirements for studies of nervous tissues, blood-brain barrier, retina and blood-
retina, regeneration of blood vessels, skin renewal, bone and muscular tissue in mammals
[169]. Thus, Kalamarz-Kubiak et al. [160] presented the first application of the MINUCELLS
and MINUTISSUE tissue engineering technique for perfusion of fish brain tissues. In this
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study, tissues were placed on the membrane between rings of tissue carriers inside the gra-
dient container. A specific construction of this container facilitated the uniform supply of
medium to the luminal and basal sides to avoid the dead space. The methods of medium
transport into the gradient container were tested using three perfusion sets. Set 1 and set 2
allow the supply of one medium from the top without aeration or with aeration, respectively.
Set 3 allows the supply of one or two aerated media from the top and bottom, simultaneously.
Moreover, set 1 was used to determine the time required to achieve a stable basal level of AVT
and IT release during tissue explant perfusion. The stable basal level of AVT and IT release
was achieved between 60 and 80 minutes of perfusion for both fish species. Set 2 equipped
with gas exchange module was aerated by an air pump (0.3% CO,) or a mixture of 95% O,
and 5% CO, at a pressure of 127.51 mmHg. The results indicated that only usage of a mixture
of 95% O, and 5% CO, provided the proper conditions for perfusion and tissue reactivity in
the medium supplemented with high K* concentration (60 mM KCl) (Figure 3). In order to
optimize the conditions of perfusion, the various pressure of gas mixture (127.51, 255.02 and
315.03 mmHg at the outlet of the gas bottle) was tested. The gas pressure of 127.51 mmHg
provides optimal conditions for perfusion in the sef 2 with one gas exchange module. To
ensure the same pressure conditions in set 3, with two gas exchange modules, higher pressure
of 315.03 mmHg at the outlet of the gas bottle must be applied. Concentrations of AVT and
IT in the media collected after perfusion were determined by HPLC with fluorescence and
UV detection according to the modified procedure by Gozdowska et al. [170]. Although the
presented procedure has been elaborated for studies of AVT and IT in fish explants, after only
minor modification, if any, it can serve many other purposes. From those results, the follow-
ing conclusions were drawn and the recommendations were formulated:

¢ Set 1 is preferable only for short-term research.

e Set 2, where the medium is aerated with a mixture of 95% O, and 5% CO, at a pressure of
127.51 mmHg, is recommended for long-term studies.

* Set 3 is also preferable for long-term studies but requires aeration with a mixture of 95% O
and 5% CQO, at a pressure of 315.03 mmHg.

2

¢ Sets 1 and 2 allow the supply of only one type of medium at the same time to the gradient
perfusion container. Sef 3 allows the transport of two different media from the top and bot-
tom to the perfusion container at the same time.

The schemes of sets used for gradient perfusion and graphs of AVT and IT release during tests
of those sets are presented in Figure 3.

3.2. How does cortisol affect the release of AVT and IT and what kind of pathway,
genomic or nongenomic, is involved in this regulation?

In teleost, two different GR coding genes (GR1 and GR2) and one MR gene were found [171,
172]. The expression of GR1, GR2 and MR genes, as well as the immunoreactivity of GRs
(GRs-ir), was noted in most of the magno- and parvocellular neurons of the preoptic nucleus
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Figure 3. The schemes of culture sets used for gradient perfusion. Components of perfusion culture set: (1) storage
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(NPO), known for synthesizing AVT, IT and CREF, in tilapia (Oreochromis mossambicus), rain-
bow trout and common carp (Cyprinus carpio) [173-175]. In the pituitary, GR1, GR2 and MR
mRNA expression and GRs-ir have localized in pars distalis and pars intermedia where AVT-
ergic fibers give their projections [173-175].

As it was mentioned earlier, AVT and IT are engaged in physiological stress response and
seem to be important components of stress axis in fish [33, 47, 61]. In gilthead sea bream,
the application of cortisol implants in this species enhanced the hypothalamic expression
of provasotocin mRNA and pituitary AVT content [85]. What is more, an in vitro study indi-
cated that cortisol affects AVT and IT release from the nerve terminalis in S. aurata pituitary
[86]. However, to the best of the authors’ knowledge, the mechanism of cortisol action on
AVT and IT release in teleosts has been studied only by Kalamarz-Kubiak and coworkers
[176]. This in vitro perfusion study was performed to determine which class of receptors,
GRs or MRs, participated in cortisol regulation of AVT and IT release from the hypotha-
lamic-pituitary (H-P) complex of round goby (Neogobius melanostomus). Moreover, this in vitro
study allowed to determine which pathways, genomic or nongenomic, are engaged in the
aforementioned process. Adult round gobies of both sexes were used in this in vitro study.
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Hypothalamic-pituitary explants were perfused using set 2 of gradient perfusion technique
(for details see Section 3.2). The explants were perfused with medium supplemented with
different treatments (cortisol, mifepristone [RU486], spironolactone [CO3DA01] and actino-
mycin D). Mifepristone is a glucocorticoid receptor antagonist, which affects a wide range of
physiological and behavioral traits (metabolism, reproduction, osmotic stress, vocalizations
and aggression in fish) [13, 177]. Spironolactone is a mineralocorticoid receptor antagonist,
which blocks the ion uptake in osmoregulation [142, 152] and reduces aggression during
social interaction [149, 178]. Actinomycin D is a transcription inhibitor, which binds DNA
at the transcription initiation complex and prevents elongation by RNA polymerase [179-
181]. Cortisol was tested at three doses (1.4 x 107 M, 2.8 x 107 M and 0.4 x 10° M). Cortisol
doses were selected based on our previous experiments and literature [9, 86, 182-185]. The
doses of inhibitors were selected on the basis of available data [186-190]. Finally, cortisol at
0.4 x 10 M dose in combination with RU486 (0.3 x 10 M) or C03DAO01 (0.36 x 10° M) or
actinomycin D (1 x 107 M) was used in experiments. Concentrations of AVT and IT in the
media collected after perfusion were determined by HPLC with fluorescence and UV detec-
tion according to the modified procedure by Gozdowska et al. [170]. In this study, cortisol
showed a dose-dependent stimulatory effect on AVT release from H-P explants similar to the
one presented previously in pituitary cells of S. aurata. In rats, corticosterone also affected
AVP release from hypothalamic slices containing paraventricular and supraoptic nuclei in a
dose-dependent manner [191]. The results presented by Kalamarz-Kubiak et al. [176] indicate
that cortisol, most likely acting through GRs, stimulates the release of AVT from the H-P com-
plex of round goby. It has been suggested that cortisol preferentially binds to GR2 in teleosts,
in response to low or mild stress, and to both GR2 and GR1 in response to extreme stress
[192, 193]. Therefore, it is probable that both isoforms of GRs are engaged in cortisol action on
AVT release from the H-P complex of round goby [176]. However, a biphasic AVT response
may depict an initial release of mature AVT from the pool stored in the secretory granules,
followed by the release of newly matured AVT molecules just after their dissociation from
the noncovalent complex. Cortisol may exert biphasic effects on the release of inflammatory
mediators, e.g., the plasma macrophage migration inhibitory factor and the tumor necrosis
factor-a, interleukin-6 and acute-phase proteins in vertebrates, including fish [194, 195]. The
results of presented in vitro study indicate that cortisol affects AVT release through GRs via
genomic and nongenomic pathways in round goby. The biphasic response of AVT to cortisol
was hindered by both the GR antagonist RU486 and the transcription inhibitor actinomycin
D [176]. In the marine medaka (Oryzias dancena), RU486 blocked the transcriptional activity
of both GR isoforms in response to cortisol action [193]. However, RU486 blocks some rapid,
nongenomic effects of cortisol mediated via plasma membrane receptors in fish [181, 196,
197]. Probable mGRs are engaged in the first phase of the biphasic AVT response to cortisol in
Neogobius melanostomus. Alternatively, cortisol may demonstrate nongenomic action through
specific membrane receptors such as the GPCRs or without receptor engagement through the
nonspecific action that alters the plasma membrane’s physicochemical properties, as it has
been shown in mammals [155] and fish [153, 180]. It is worth noting that in higher vertebrates
and fish, the mechanism of corticosteroid action may integrate nongenomic and genomic
pathways [25, 156, 198]. For instance, in rodents, such integration between nongenomic and
genomic mechanisms has been shown in the neurons of the amygdala, hippocampus and
cortex in response to stress and the administration of corticosterone (“for a review: [198]").
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In results presented by Kalamarz-Kubiak et al. [176], the stimulation of IT secretion by cor-
tisol appeared within 20 minutes and persisted for the next 100 minutes, similarly as in the
case of AVT, but did not disclose a biphasic character. The nongenomic, stimulatory effect of
cortisol in vivo on Na* -K* and Ca? -ATPase activity in gills of tilapia occurred after 30 minutes
and persisted for 120 minutes. [180]. Similar observations, i.e., fast and long-lasting effects of
corticosteroids in vitro on the excitability of different brain areas, were noted in rodents (“for a
review: [198]”). In round goby, cortisol probably influenced IT release by GRs via the nonge-
nomic pathway because cortisol action was inhibited by RU486, but not by actinomycin D. In
contrast to the data in round goby, in vitro study of pituitary cells in S. aurata showed that
cortisol decreased the IT release from nerve endings [86]. It should be noted that gilthead sea
breams approached the reproductive season, while round gobies were out of their spawning
season. Therefore, the IT responses to cortisol may be dependent on their physiological status
and/or differ in various species.

In fish, the cortisol effects are mediated through both the GRs but also through MRs [1].
However, the in vitro study suggests that cortisol effect on AVT and IT release from the H-P
complex in round goby is not mediated by MRs because the MRs’ antagonist, C03DAO01, does
not hinder AVT and IT release caused by cortisol.
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Figure 4. The mechanism of cortisol action on arginine vasotocin and isotocin release in round goby.
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Outside the scope of this study, an opposite effect, i.e., the stimulation of cortisol secretion by
AVT, should also be considered. There is evidence that AVT neurons innervate corticotrophic
cells in green molly (Poecilia latipinna) pituitary [199] and that AVT synergizes with CRH/CRF
(corticotrophin-releasing hormone/factor) to promote ACTH secretion from the pituitary in
rainbow trout [66]. Consequently, AVT can stimulate cortisol release, and thus relationships
between AVT and cortisol may be more complicated.

From those data, the following conclusions were formulated:

* Cortisol affects AVT and IT secretion from the H-P complex in round goby.

¢ Cortisol stimulates the release of both nonapeptides. However, the effect of cortisol on AVT
release is dose-dependent.

* Cortisol has biphasic effects on the release of AVT, while this effect on IT is monophasic.
* GRsbut not MRs are involved in cortisol regulation of AVT and IT release.
* In the case of AVT, both genomic and nongenomic pathways mediate the effect of cortisol.

¢ In the case of IT, only the nongenomic pathway mediates the effect of cortisol.

The mechanism of cortisol action on AVT and IT release in round goby are presented in
Figure 4.

4. Summary

The purpose of this chapter was to gain new knowledge on the involvement of cortisol and
other indicators of fish welfare in the regulation of stress response in fish. The basis of the
subject was to assume that both nonapeptides and urotensins are essential components of
stress response in fish. So far, nobody has attempted to check if there is a functional rela-
tionship between cortisol and both nonapeptides and urotensins using in vitro technique of
cell culture and gradient perfusion. For the first time, MINUCELLS and MINUTISSUE tissue
engineering technique (3D) has been applied for the gradient perfusion of fish brain and pitu-
itary by Kalamarz-Kubiak et al. [160]. Although the presented procedure has been elaborated
for studies of AVT and IT in fish explants, after only minor modification, if any, it can serve
many other purposes. It has been confirmed that AVT and IT are essential components of
stress response in fish. Presented results showed an independent regulation of nonapeptide
secretion. Cortisol affects AVT and IT secretion from nerve endings in gilthead sea bream
and round goby. Therefore, the cortisol effect may be different in various species and/or
dependent on their physiological status. S. aurata is a very interesting species for this type of
research. In gilthead sea bream, unlike other teleosts, CRF is not a releasing factor for ACTH,
because there are no anatomical connections between CRF perikarya and ACTH cells. It has
been investigated that urotensin I instead of CRF may contribute to the regulation of HPI
axis and regulate AVT. In turn, urotensin II together with AVT and IT may control response
to different salinities in fish. The results confirm that urotensins together with nonapeptides
are involved in the regulation of stress response in fish. Here, the first feasible mechanism of
cortisol action on AVT and IT release from the H-P complex has been presented in round goby.
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The different mechanisms have been pointed out, where GRs are involved, whereas MRs are
not. In the case of AVT, both genomic and nongenomic pathways mediate the effect of corti-
sol. In the case of IT, only the nongenomic pathway mediates the effect of cortisol. Therefore,
AVT and IT seem to be good candidates for welfare indicators. Probably, the examination of
cortisol in relation to other welfare indicators in the regulation of stress response will allow
the separation of (physiological) stress from (psychological) distress, the separation of chronic
stress from acclimation and the interactions between feelings, mood and behavior.

In conclusion, it is worth to quote the statement of Victoria Braithwaite [200], about the pain
and stress in fish, for The Los Angeles Times dated October 8, 2006: “Their brains are not as
different from ours as we once thought. Although less anatomically complex than our own
brain, the function of two of their forebrain areas is very similar to the mammalian amygdala
and hippocampus — areas associated with emotion, learning and memory. If these regions are
damaged in fish, their learning and emotional capacities are impaired; they can no longer find
their way through mazes, and they lose their sense of fear”.
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Abstract

Cortisol (CORT), also known as stress hormone, plays a vital role in physiological pro-
cesses such as electrolyte and fluid balance, cardiovascular homeostasis, carbohydrate,
protein and lipid metabolism, immune and inflammatory responses, and sexual devel-
opment and reproduction. Cortisol levels are influenced by various physiological fac-
tors such as race, age, circadian rhythm, seasonality, exercise and pregnancy. Also, some
stressful conditions including isolation or transport, among others, modify levels of
this hormone in the body. Excesses or deficiencies of cortisol cause important clinical
problems such as Cushing’s and Addison’s syndromes, which contribute substantially
to morbidity in equine medicine. Thus, in this review, we will develop the mechanisms
of synthesis and regulation, as well as the physiological factors involved and the most
important diseases related to the alteration of cortisol secretion in horses and foals.

Keywords: cortisol, horse, pathophysiology, regulatory mechanisms

1. Introduction

1.1. Synthesis of cortisol, regulatory mechanisms and participation in physiological
functions in the horse

The glucocorticoid activity of adrenocortical cortex secretion comes from cortisol (CORT)
almost entirely. The adrenal synthesis of CORT is regulated by the hypothalamic-pituitary-
adrenal axis (HPA) and plays an important role in the integral endocrine response to stress.
The HPA axis is activated when various physiological, pathophysiological or environmental
stress factors drive the signals of peripheral components and the central nervous system,
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which are interpreted and integrated into the hypothalamus. The activation of the hypotha-
lamic paraventricular nuclei promotes the release of the corticotropin-releasing hormone
(CRH) in the hypothalamus-hypophysis support system. CRH acts on the anterior pituitary
gland to activate type 1 CRH receptors on the surface of corticotrophic cells and thereby
induces the release of adrenocorticotropic hormone (ACTH) into systemic circulation [1].
These hormones are important for the health of the body and help control both physical and
mental stress [1, 2]. Thus, chronic responses to stress are mediated by glucocorticoids.

The hormone ACTH binds to the melanocortin 2 (MC2R) receptors located in adrenocortical
cells and stimulates the adrenal glands to synthesize and secrete mainly CORT and to a lesser
extent also aldosterone. MC2R is a transmembrane receptor coupled to the G protein that acts
through adenylate cyclase to increase the levels of cyclic AMP. Cyclic AMP activates a variety
of critical enzymes for the synthesis of CORT [1, 3]. Currently, the expression of this subtype
of melanocortin receptor in the equine adrenal cortex has not been characterized, but it is
presumed to be similar to that described in humans.

The critical enzymes necessary for the synthesis of CORT are expressed in cells of the fascicu-
lated area of the adrenal cortex. These enzymes include 3-p-hydroxysteroid dehydrogenase
(3-p-HSD), 17-a-hydroxylase, 21-a-hydroxylase and 11-B-hydroxylase [4]. The last enzyme cat-
alyzes the final step in the synthesis of CORT from the precursor molecule of 11-deoxycortisol,
and is present only in glucocorticoid-producing cells.

CORT is not stored in adrenocortical cells, but is secreted into the systemic circulation immedi-
ately after synthesis is induced by ACTH [5]. CORT is lipophilic and, therefore, is transported
in plasma predominantly bound to plasma proteins, including cortisol-binding globulin (CBG)
and albumin [6].

In most adult mammals, including horses, approximately 90% of circulating CORT is bound
to CBG [6]. Nicolaides et al. [7] reported that, since CORT receptors are located in the cyto-
plasm of steroid-sensitive cells, only the free and free portion of circulating CORT is available
to enter the cells by diffusion through the plasma membrane and bind to these intracellular
glucocorticoid receptors (GR).

The binding of CORT to the cytoplasmic GR causes conformational changes that allow the dis-
sociation of heat shock regulatory proteins (HSP), allowing the GR-CORT complex to dimer-
ize, localize in the nucleus, bind to the DNA in glucocorticoid-response elements (GRE) and
regulate transcription of genes that respond to glucocorticoids [8]. However, the equine GR
isoforms and their respective activities are not well characterized [9, 10]. In addition, CORT
itself acts through negative feedback mechanisms at the HPA axis to regulate this activity [11].

In healthy horses, approximately 90% of plasma CORT is bound to CBG and albumin [10, 12]. It
is the remaining 10% of unbound, free CORT that is considered biologically active, and is avail-
able to bind cytoplasmic steroid receptors to mediate the majority of CORT’s systemic effects [5].

In the organism, there are many cell types sensitive to glucocorticoids. In this way, the CORT
has different effects, necessary for the responses to stress to both health and illness. CORT also
regulates vital functions such as blood glucose, maintenance of normal vascular tone and blood
pressure [13]. Likewise, CORT increases the absorption of electrolytes by direct action on the
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renal tubules and indirectly, through the secretion of atrial natriuretic peptide (ANP) at the
cardiac level. CORT is a lipolytic agent that induces hyperglycemia and leads to fat mobiliza-
tion and protein catabolism (amino acids mobilization) to support higher energy requirements
and a high demand for protein biosynthesis in compromised situations [14]. Proteins with few
critical functions are degraded into amino acids for mobilization into circulation before pro-
teins with essential functions such as brain neurotransmitters and muscle contractile proteins.

CORT stimulates the production of erythrocytes and platelets. Another effect of CORT is the
reversal and low regulation of inflammatory responses resulting from a stressful event [15].
The production of CORT increases in response to stress and is a physiological adaptation
that promotes survival [16]. A stress response mediated by CORT is to ensure that adequate
nutrients are delivered to the brain and other areas of the body that could be compromised
by a stressful event or injury. Glucocorticoids are powerful inhibitors of the immune system,
which limits the secretion of cytokines by macrophages and the production of antibodies. In
fact, it has been demonstrated that different stressful situations such as resistance exercise,
fatigue, lack of food or water and extreme temperatures induce the release of glucocorticoids
and immunosuppression [17].

1.2. Reference values for cortisol levels

The CORT levels in the circulation reflect the activity of the HPA axis. Therefore, excretion in
saliva and feces allows non-invasive sampling of CORT metabolites [18, 19]. Plasma CORT
binds mainly to transporter proteins, while salivary CORT is not bound, that is, it is found as
free CORT [20]. CORT levels in saliva and plasma reflect acute changes in release [21]. Fecal
CORT as a circulating CORT index has a delay of 24 hours until excretion. Therefore, the col-
lection protocols should uniformly sample the total fecal mass due to the unequal distribution
of the hormone [22]. Compared to plasma levels, the salivary CORT is clearly lower. In saliva,
only free CORT is produced, that is, unbound, whereas in the plasma both free CORT and CBG
are measured [23].

Fureix et al. [24] and Pawluski et al. [25] described that there is a positive correlation between
nocturnal plasma CORT levels and concentrations of fecal CORT metabolites in horses.
Salivary CORT can be used to measure acute stress responses and identify stress triggers. Fecal
cortisol can be used to compare levels of general stress with long-term conditions [25]. While
the determination of CORT metabolites in saliva allows the detection of small and transient
changes in the release of CORT, the levels of fecal CORT metabolites increase only in response
to marked or prolonged release of this hormone [18]. However, contradictory results have
been reported when comparing salivary and blood samples. This discrepancy is related to
the limited sensitivity and specificity of saliva samples and the role of corticosteroid-binding
globulins in CORT plasma levels. However, Pawluski et al. [25] reported correlations between
plasma and fecal CORT levels.

CORT is susceptible to be modified by the manipulation of stressful and painful stimuli, cir-
cadian rhythm, exercise, transport, hypoglycemia and stress [26-29]. Therefore, establishing
a reference interval for the basal CORT is difficult. Plasma levels ranging from 12.32 + 2.0 to
68.1 = 22.8 ng/ml have been reported in healthy adult horses at rest [11, 28, 30-32].
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2. Physiological factor that modifies cortisol levels in horses

2.1. Breed

Although it is unknown whether breed is a modifier of CORT, Soder et al. [33] reported sig-
nificantly lower CORT levels in Icelandic horses compared to Standardbred horses. However,
these variations were not only attributed to the genetic configuration. They were also related
to the level of training and management conditions between both equine breeds.

2.2. Age

Plasma CORT levels usually change with the age of the horse. In comparison to foals born at
term, premature foals have lower serum CORT concentrations before 2 hours after birth. These
low basal concentrations of CORT and also of ACTH imply that foals may have either altered
adrenocortical sensitivity to ACTH, the ability to synthesize limited CORT, or both [34].

It has been established that the adrenocortical function may not be fully mature at birth, even in
term foals. At 12-24 hours of age, mean baseline concentrations of CORT are lower in healthy
foals compared to levels reported in healthy adult horses despite the fact that in foals there are
higher concurrent concentrations of ACTH [35-37].

In neonatal foals, the CORT concentration increases during the first week of life, up to about
half that in adult horses in response to a comparable dose of ACTH [38, 39]. During the first
year of life, great changes occur in CORT in response to the stress of weaning and growth [25].

The advance of age is associated with a loss of adrenal sensitivity to dexamethasone and greater
sensitivity to CRH and ACTH. Older horses are also more prone to diseases such as Cushing’s
syndrome which alters the episodic and circadian rhythm of CORT [35, 40]. Cushing’s disease
in adult equines originates more frequently in an adenoma of the pars intermedia of the pitu-
itary gland [41]. This adenoma stimulates the production of ACTH and thus more CORT is
secreted by the adrenal glands. Hart et al. [42], indicated an increase in free CORT and nearly
twice as much in the stool with this endocrine disease. However, the total CORT observed was
not affected in sick animals compared to horses and healthy ponies of the same age. Likewise,
it was demonstrated that the increase in CORT in feces could be related to the decrease in the
capacity of CORT binding in plasma and that this fact could be a component of these endo-
crine disorders in horses. However, other investigations in this species disagree [32, 43, 44].

2.3. Circadian and ultradian rhythms

Horses that live in undisturbed natural habitats and trained horses, which have adapted to
their environment, show a normal oscillation in CORT blood concentrations. These concentra-
tions are generally higher in the morning and decrease throughout the day [45, 46]. These same
authors have reported maximum levels between 6:00 and 10:00 am and minimum between
6:00 and 9:00 pm. Rendle et al. [47, 48], identified a circadian rhythm in horses and ponies
with the highest ACTH plasma values at 8:00 am that subsequently decrease throughout the
day. The circadian rhythm can be affected by various factors such as exercise, mating, training,
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stress, sleep patterns and individual activities [49]. The response of CORT to these factors is
immediate, proportional and quickly exceeds the normal plasma concentration [12].

Ultradian rhythms with average periods ranging from 105 to 128 and from 24 to 31 minutes
overlap the circadian rhythm [50]. In contrast, the loss of the circadian rhythm of CORT occurs
in animals suffering from chronic stress, disease and old age [20]. For example, in horses with
Cushing’s disease, the circadian rhythm is lost and the CORT is constantly high [41]. For this
reason, no ultradian [47] or circadian [26, 51] thythms have been found in horses and ponies
affected by intermediate pituitary dysfunction. Also, alterations of the circadian rhythm in
CORT can be observed during situations of chronic stress in many species such as pigs and
humans with different types of psychological disorders such as certain types of depression,
chronic fatigue syndrome and post-traumatic stress disorder [52, 53].

2.4. Seasonality

CORT levels show a marked seasonality, detecting maximum values between the months of
May and September [35, 54, 55]. This seasonal pattern could reflect the physiological adapta-
tions to the lower availability of nutrients during the winter and increase the food reserves for
the period of greatest reproductive activity [35, 55]. However, the seasonal patterns of CORT
and ACTH are not correlated, since the peak of ACTH occurs during the fall [35, 37, 55]. This
asynchrony in the HPA axis could be the result of alterations in adrenal sensitivity, changes in
the metabolism of CORT or seasonal variations in the bioactivity of ACTH. In fact, Donaldson
et al. [35] have described a loss of sensitivity of the HPA axis to dexamethasone during the
autumnal period. On the contrary, Haritou et al. [26] showed in horses that the plasma CORT
levels did not change during the year and were different only in the summer when they
obtained higher values along 24 hours.

2.5. Transport

It has been shown that transport [54, 56-60], loading of horses in a trailer [61] and social stress [12]
increase the synthesis of CORT. The transport of horses at short and medium distances leads to a
greater release of CORT [18]. In fact, CORT levels correlate positively with transport duration [56]. In
addition, the secretion of CORT depends on the transport conditions [21] and the new environment.

At the same time, this raises the possibility that both psychological and physical stress may
have a negative effect on embryo recovery rates of competition mares. Tischner et al. [62],
measured stress responses to transport in mares at different stages of the estrous cycle and ges-
tation. These authors reported that “the most intense stress reaction (to transport), measured
by the maximum increase in noradrenaline, adrenaline and CORT, was shown in the mares
in the right and during the winter anestrus”. This suggests that competition mares subjected
to embryo transfer procedures could be particularly susceptible to stress if transported in the
interval between insemination and uterine lavage. There are also negative effect of heat on the
recovery rates of equine embryos [63]. It is possible that the combined effect of stress and heat
in mares that are “bad travelers” are other factors that could limit the rates of embryo recovery
in sport mares. However, the concentrations of salivary CORT and fecal glucocorticoids were
not modified during transport of horses in New York [60].
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2.6. Environmental factors

The variations of the CORT levels during short periods of time depend on the adaptation of
the horse to its environment [45]. In addition, there is evidence in some countries of seasonal
dynamics and variations between annual periods in the same geographical region [64, 65].
Therefore, environmental factors, weather or the presence of insects, cause transient changes
in the diurnal pattern of cortisol release [66].

2.7. Feeding

Today’s horse management practices often include restricted access to forage and feeding large
quantities of concentrates in a limited number of meals throughout the day [67]. Higher con-
centrations of CORT were observed in serum 30 minutes before the morning food was admin-
istered compared to 30 minutes after the feed intake. A significant postprandial increase in
endogenous ACTH has also been documented. This suggests that the animal’s feeding status
can also be a co-founder for both endogenous and dynamic ACTH tests [51].

In a study conducted on adult horses with overweight, Glunk et al. [68] determined if limit
feeding combined with a slow-feed hay net could affect morphometric measurements and
patterns of postprandial hormones and metabolites. The results of the study conducted during
28 days, showed that the glucose and insulin values increased, while the levels of CORT and
leptin decreased. In conclusion, it could be said that when overweight adult horses are fed, the
use of a slow feeding hay network together with a diet with limit of feeding seems to be an
effective method to reduce body weight and maintain more homeostatic levels of postprandial
metabolites and hormones.

However, it has been shown that CORT levels increase before feeding. This elevation could be
due to the anticipation of receiving the morning meal after a period of several hours without
grain or hay or without acclimating to the daily feeding routine. This finding may have impor-
tant implications in the way a horse is handled. At times when it is important to take into
account the negative impact of stress, such as times of illness or reproduction. At times like
during the reproductive season, stress can affect both the immune system and reproduction.
Therefore, care must be taken to avoid other circumstances that intensify the stress already
experienced half an hour before feeding [69].

2.8. Exercise

CORT is frequently used to assess stress levels induced by exercise [70, 71]. Different studies
have been carried out in relation to stress in horses such as the load stress in tow [61], partici-
pation in equestrian dressage competition [72-74], competition of resistance [75] jumping [76],
tourist driving and education [77]. It has been shown that moderate exercise in horse increases
CORT by up to 29% compared to baseline levels through the stress response. Also, the plasma
concentration of CORT was more than double the normal value 60 minutes after exercise [78].
In stress-induced exercise, a marked increase in CORT levels was attributed to exercise dura-
tion and not to intensity [79]. In addition, the secretion of CORT depends on the animal’s expe-
rience in competitions [80], different head and neck positions [81] and the horse character [82].
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The hormonal response during exercise is also influenced by hemodilution or hemoconcentra-
tion actions related to the displacement of plasma fluids inside and outside the vascular beds. A
greater secretion of CORT can be expected during and after exercise on horses during resistance
competitions. This greater secretion occurs mainly in the case of mares or horses that cover lon-
ger distances or that take place at high temperatures. Janczarek et al. [83] suggested that a high
level of CORT can adversely affect the heart rate of horses, but at the same time stimulates the
body to combat dehydration. The permissive action of this substance enables the animal to react
favorably to situations of stress and exhaustion, since the main metabolic effects of CORT are
the increase in hepatic gluconeogenesis, the mobility of free fatty acids and lipolysis [79]. During
exercise, CORT is also useful in suppressing insulin release and maximizing blood glucose utili-
zation [14, 80, 84]. Thus, the availability of energy resources necessary during physical exercise
is favored. On the other hand, it has been shown that high concentrations of CORT after exercise
episodes can alter the anabolic responses of testosterone and growth hormone (GH) [79]. On the
contrary, Zuluaga and Martinez [44] showed no significant differences in horse performance.

2.9. Sexual excitation and reproductive state

Although sexual arousal [85, 86] and mating [87] increase CORT levels in stallions, in sexually
experienced and well-trained animals, ejaculation and semen collection is perceived as no
more than a modest temporary stressor [88].

In the mare, the physiological status significantly alters CORT concentrations. Based on previ-
ous studies conducted in intact and ovariectomized mares, in which it was determined that
the administration of synthetic analogue of ACTH (tetracosactide) stimulates the synthesis of
CORT [89, 90], Satué et al. [91] described that in the natural estral cycle, the increase in ACTH
secretion stimulates the synthesis of CORT at the time of ovulation in Spanish Purebred
mares. However, Ginther et al. [92] found increased levels of CORT during the luteal phase,
followed by a decrease during the periovulatory period at the time of follicular deviation. This
decrease in CORT may be necessary for correct follicular development and LH release. This
dynamic during the corpus luteum period could partially confirm the results of the investiga-
tions carried out by Satué et al. [93, 94] during the same period of the cycle. In fact, although
the relationship between CORT and progesterone is not very close, the correlations obtained
between both parameters (r = 0.47) may suggest a certain stimulation of CORT in the synthesis
of luteal progesterone in Spanish Purebred mares.

Generically, non-pregnant mares show CORT concentrations 20% higher than pregnant ones
[93, 94]. These differences in the adrenocortical response between non-pregnant and pregnant
mares could be interpreted in terms of variations in the metabolism of this glucocorticoid.
In fact, with respect to non-pregnant mares, fetal CORT levels induce a negative feedback
mechanism of maternal levels during pregnancy [82].

In mares of different breeds, as in Spanish Purebred mares, Quarter Horse, Standardbred,
Thoroughbred and arabians [32, 54, 95, 96] CORT levels increase during the first half of ges-
tation. The gestational period is associated with a state of insulin resistance, due to the anti-
insulin effects of CORT, GH, lactogen and placental GH [97, 98]. The purpose is to increase
blood glucose to improve placental transfer and meet fetal demands [99]. In fact, mares under
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restriction regimes and food presage a higher incidence of abortions. These facts do not cor-
relate with alterations in CORT levels but rather with the metabolic changes associated with
the lower glucose bioavailability and the increase of free fatty acids that could stimulate the
synthesis of prostaglandins and arachidonic acid [100].

On the contrary, the elevation of the CBG [101], the decrease in production and the increase in
the volume of distribution, the increase in fetal metabolism and the antiglucocorticoid effects
of progesterone, could reduce CORT during the last gestation period, describing an inverse
correlation between both steroid hormones [32].

At the end of pregnancy, the maternal CORT rises substantially before delivery due to the
increased activity of fetal adrenal and the maturational changes necessary for the correct adap-
tation of the fetus to extrauterine life [102]. Furthermore, CORT release during and after foaling
is most likely part of the endocrine pathways regulating parturition and not a labor-associated
stress response [103].

In addition, different patterns are established in the CORT cyclicity between pregnant and
empty mares, establishing differences that can be between 400 and 700% between them.
Compared to the usual circadian pattern characterized by the morning increase of CORT in
physiologically normal mares [37, 45], CORT levels decrease in the morning [45] and increase
at night [36] in ovariectomized mares. Pregnancy is considered an additional factor that modi-
fies the diurnal and annual pattern of CORT [89, 90], and can even mask cyclicality during the
second half of pregnancy in the mare [32]. These changes in the acrofase are related to the action
of the gestation and lactation hormones, exerting a different influence on the secretion and use
of CORT in the mare. Thus, in a pregnant and lactating mare, the increase in CORT is related
to the need for glucocorticoids during the period of fetal development and intensive lactation.

2.10. Fertility

In women it has been described that CORT inhibits the release of pituitary gonadotropins
and makes the gonads become resistant to sex steroids through inactivity of the receptor
[104]. Along with these suppressive effects on the gonads, CORT has shown in the mare that
they have inhibitory effects on steroid hormone receptors [105]. In addition, overexposure of
the fetus to excess glucocorticoids could be implicated in the restriction of fetal growth [106].

In pregnant women, abnormally high levels of CORT contributed to miscarriage by altering
normal reproductive function at both the tissue and hormonal levels [107]. Likewise, in a
study carried out on sheep, it was determined that high levels of CORT lead to the premature
activation of growth regulation mechanisms in the fetus that have deleterious prenatal and
postnatal consequences [108]. It has also been determined in sheep that high levels of CORT
suppress insulin-like growth factors found in the liver, skeletal muscles and adrenal glands
in fetuses [109]. It has been shown that CORT in sheep is also able to reduce the activity of
the gonadotropin-releasing hormone (GnRH) receptor through the improvement of negative
feedback mechanisms in estradiol [110]. In adult sows it was determined that the chronic
administration of cortisol delays ovulation through the deterioration of the LH peak during
the estrous cycle [111]. However, research in horses has not yet established a threshold in the
systemic circulation of CORT before it presents harmful effects in pregnancy.
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It has been shown that hormones are important factors that contribute to the differentiation of
the conceptus in the uterus. Hormones indirectly affect fetal growth, either through genetic pro-
gramming or fetoplacental growth and maturation. During pregnancy, hormones are produced
at maternal and fetal levels with direct effects on their outcome. Glucocorticoids have program-
ming action in the uterus and affect the development of the tissues and organs of the fetus [108].
Kapoor et al. [112], determined that excessive exposure of the human fetus to glucocorticoids
can reprogram the fetal HPA and thus permanently change the HPA activity of the offspring.
Fetal exposure to glucocorticoids can occur simply by initiating the mother’s response to stress.
It has also shown that high concentrations of glucocorticoids impair fetal growth and are a
major determinant of intrauterine growth restriction [108]. Challis et al. [113] reported that fetal
HPA is responsible for the maturation of the organ systems essential for postnatal survival.

Endocrine changes initiated by elevated CORT levels may be transient, although some altera-
tions persist after glucocorticoid concentrations return to baseline [108]. Changes initiated by
chronic exposure to glucocorticoids include underdevelopment of fetal HPA and placental
hormone deficiency. The critical window of fetal HPA maturation is specific to the species
[112]. Fowden et al. [114] reported that the activation of fetal HPA is an essential process for
delivery in the mare. Pregnancy in equines is unique since fetal CORT levels increase rapidly
very close to the term. This, in turn, increases the synthesis of uteroplacental prostaglandins
and initiates myometrial contractions.

In addition, transrectal ultrasound examination in non-lactating mares induces a significant
increase in salivary CORT. This reflects an activation of the HPA axis and a shift toward a
sympathetic domain. On the contrary, transvaginal follicular punctures guided by ultrasound
did not modify the salivary levels of CORT [115]. Also, the diagnosis of transabdominal gesta-
tion does not induce an activation of the HPA axis. This finding affirms what was previously
described by Schonbom et al. [116], who indicated that controls of advanced pregnancies can
be easily performed by transabdominal ultrasound.

2.11. Other factors

Other factors such as painful stimulation, water or food deprivation, contraction restriction or
immobilizers [117], stabling and isolation [28, 73], weaning [118] or social stress [12] have also
been linked to elevation in CORT levels. Leal et al. [119] showed that horses stabled in the urban
environment were in a state of stress. Likewise, report stated that the confinement type (partial
full-time), type bed (big place with chips, as small without bedding) as well as the type of work
(patrol or sports) did not change the ability of the horses to cope with these housing conditions.

3. Cortisol related with equine clinic

Adrenocortical dysfunction may manifest as either abnormal increases or decreases in activ-
ity. Increased adrenocortical activity (hyperadrenocorticism) may occur in horses with PPDI,
but primary hyperadrenocorticism is rare in horses. Other pathological inflammatory condi-
tions also are related with alterations with CORT levels [1].
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3.1. Hyperadrenocorticism

Cushing’s disease or Pituitary Pars Intermedia Dysfunction (PPID) is the most common in
horses and you put over 15 years of age with a prevalence of 15-20%. As reported by McGowan
et al. [74], all breeds and types of horses may be affected by the PPID, although Morgan horses
and ponies seem to be at greater risk. The corticoadrenal hyperplasia that accompanies equine
Cushing’s disease is relatively rare and occurs in approximately 20% of affected horses [1,
120]. In fact, there is only one well-described case of functional adrenocortical adenoma in
horses. This animal showed different clinical signs such as voracious appetite, loss of muscle
mass, bulging supraorbital fat, delayed coat shedding, hyperhidrosis and lethargy [41, 121].

In horses with PPID, the pars intermedia of the pituitary gland enlarge over time due exclu-
sively to hyperplasia or adenoma formation on melanotrope cell population. This pathology
produces an excessive and autonomous secretion of peptides derived from proopiomelanocor-
tin (POMC), which include ACTH, a-melanocyte-stimulating hormone (a-MSH), -endorphin
and the intermediate peptide similar to corticotropin [120].

The increase of the hormone ACTH leads to secondary hyperadrenocorticism and the increase
of CORT due to hypothalamic innervation lapses. In turn, hypothalamic dopamine exerts an
inhibitory control on the production and secretion of POMC peptides by melanotropes located
in the pars intermedia. In horses, abnormal pars intermedia tissue contains significantly
reduced amounts of dopamine. Thus, about 10% of the tissue of the pars intermedia is normal,
which means a specific loss of hypothalamic dopaminergic innervation. This loss of dopami-
nergic innervation is due to an oxidant-induced injury in the hypothalamic tissue. Therefore,
a risk factor for affected horses could be the reduction of antioxidant defense mechanisms in
neural tissue. In addition, insoluble aggregates of the neural protein a-synuclein have been
found in dopaminergic nerve endings in horses affected by PPID [120].

Horses with PPID present lethargy, marked hypertrichosis together with recurrent laminitis, mus-
cle wasting, pendulous abdomen. Also it was described additional problems such as polydipsia,
polyuria, recurrent infections and abnormal sweating patterns that probably represented end-
stage disease. In recent years the early recognition of the disease has been an important achieve-
ment. The clinical picture is often more subtle and the symptoms include decreased performance,
loss of the superior line, slight changes in attitude, lamellar changes in the hoof in the absence of
pain and mild delayed coat shedding in spring time and/or regional hypertrichosis [74, 122].

3.2. Hypoadrenocorticism

Addison’s disease or hypoadrenocorticism consists of permanent adrenocortical insufficiency
and, in general, is rare in the horse. This syndrome is also called relative adrenal insufficiency
(RAI) or critical illness related to corticosteroid failure (CIRCI). This disease can contribute
substantially to the morbidity and mortality associated with the primary disease [1].

The CORT insulfficiency can be transient or permanent could be a consequence of the deteriora-
tion of the HPA axis in one or several levels [5]. The permanent dysfunction of the HPA axis
results in the destruction of one or more glandular components of the shaft. Despite being rare in
human and veterinary medicine, adrenocortical destruction mediated by immunity (Addison’s
disease) is the most common manifestation of permanent HPA axis hypofunction. Patients with
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Addison’s disease cannot develop an appropriate CORT response to stress. Therefore, these
patients are frequently present with hemodynamic instability and collapse. Aldosterone defi-
ciency, which is added to CORT deficiency, is a typical characteristic of Addison’s disease. In
affected individuals, it produces fluid and electrolyte disorders that contribute to hypovolemia,
hypotension and cardiovascular collapse [1, 5].

Bacterial components such as endotoxin (a lipopolysaccharide component of Gram negative bac-
terial cell walls) and host pro-inflammatory cytokines participate in initiating and maintaining
the HPA axis response to sepsis. These factors can directly stimulate HPA axis activity at the
multiple levels, ultimately resulting in stimulation of CORT synthesis and secretion [123].

In the presence of overwhelming bacterial infection or excessive host inflammatory response,
HPA axis function can also be suppressed at one or more levels. For example, in patients who
died from septic shock, nitric oxide-mediated induction in the death of hypothalamic neurons of
cardioregulatory centers, which may be involved in HPA axis dysfunction, has been described.
The bacterial endotoxin directly decreases gene expression of the pituitary CRH receptor in both
rats and cattle [124]. In addition, tumor necrosis factor-a (TNF-a) can directly affect the release
of pituitary ACTH and adrenal CORT synthesis [123]. Several reduced levels of high density
lipoprotein (HDL) in plasma have been demonstrated in critically ill individuals. Therefore, the
availability of cholesterol for the synthesis of corticosteroids may be limited during sepsis, since
decreased levels of HDL are related to attenuate CORT responses to ACTH stimulation [123].

While irreversible HPA axis hypofunction due to component destruction is uncommon, recent evi-
dence suggests that transient HPA axis dysfunction (RAI/CIRCI) can occur in a substantial number
of critically ill patients with a variety of conditions. It has also been suggested that RAI/CIRCI can
occur in septic neonatal foals. Couétil and Hoffman [125] described a clinical case in a neonate foal
with septicemia, a transient dysfunction of the HPA axis. This dysfunction is evidenced by a low
basal CORT concentration and an altered CORT response to a high dose ACTH stimulation test.
In addition, two independent studies that measured basal concentrations of ACTH and CORT in
healthy and septic neonatal foals found a significant increase in the proportion of ACTH:CORT in
foals with septicemia that did not survive [126, 127]. These high concentrations of ACTH and low
CORT concentrations suggest that HPA axis dysfunction can occur in septic foals at term.

In two studies conducted by Hart et al. [39] and Wong et al. [128], the HPA axis function has
been characterized in hospitalized foals that use stimulation tests with ACTH. None of the stud-
ies identified a significant difference in CORT peak responses between groups of healthy and
diseased foals of similar age. These results were in response to a low-dose ACTH stimulation
test (0.1 pg/kg) [128] or in response to a paired low-dose ACTH stimulation test (10 ug)/high
dose (100 pg) [39]. However, when the criteria for human diagnosis for RAI/CIRCI [123] were
adapted and applied to a group of hospitalized foals, approximately 50% fulfilled these criteria
[39]. In addition, the greater severity of the disease and the worse prognosis were correlated
with the decrease in CORT responses to stimulation with ACTH. Specifically, foals that did not
survive had lower CORT responses to low-dose ACTH stimulation compared to survivors [128].
Likewise, foals that met the RAI/CIRCI criteria had a significantly higher incidence of shock,
multiple organ dysfunction syndrome and non-survival compared to foals with an adequate
CORT response to ACTH [39]. These studies provide evidence that RAI/CIRCI occurs in critically
ill and septic neonatal foals with frequency and impact comparable to humans with septicemia.
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In adult horses, insufficiency of the adrenal cortex is not well described. Transient adrenal
insufficiency is characterized by low basal levels of ACTH and CORT and altered responses of
this hormone to the stimulation test with ACTH. This situation has been described in a horse
after the abrupt cessation of long-term anabolic steroid supplementation [129]. A syndrome of
adrenal exhaustion that produces lethargy, anorexia and poor performance is also described
anecdotally in racehorses. This syndrome has been attributed to adrenal insufficiency associ-
ated with prolonged steroid administration or chronic stress [120].

Before the ACTH stimulation test, horses with adrenal insufficiency have reduced CORT
concentrations and do not respond or respond minimally. However, measurement of ACTH
levels may be important in determining other causes of hypoadrenocorticism. It is suggested
that the exogenous administration of glucocorticoids decreases the concentrations of ACTH
(secondary hypoadrenocorticism). Likewise, adrenal insufficiency (primary adrenocorticism)
results in a higher concentration of ACTH due to the decrease in endogenous glucocorticoid
concentrations due to the lack of negative feedback [1].

In mares with abnormal behavior related to estrus, a diminished response of CORT to ACTH
has been described [36]. However, the clinical importance of this behavior is unknown. In
horses treated with chronic glucocorticoids or anabolic steroid supplements, the potential for
iatrogenic adrenal insufficiency associated with the suppression of the HPA axis by exogenous
steroids should be considered. In the same way, care must be taken to avoid abrupt cessation
of this type of treatment.

In horses as in many other animal species, the adrenal gland is extremely vulnerable to the
ischemic injury associated with endotoxic or hypovolemic shock. It is a common finding in
the necropsy of adult horses with acute gastrointestinal disease and other diseases associ-
ated with endotoxic shock, adrenocortical hemorrhage and necrosis similar to Waterhouse-
Friedrichsen syndrome in humans [123]. In theory, although this has not been documented to
date, in surviving horses, this damage to the adrenals could contribute to long-term adreno-
cortical insufficiency. Furthermore, to the knowledge of the authors, classic hypoadrenocorti-
cism or Addison’s disease has not been described in horses. This disease is responsible for the
adrenocortical destruction mediated by immune mechanisms and manifested by deficiency of
glucocorticoids and mineralocorticoids.

In general, horses with adrenal insufficiency have a history of depression, anorexia, exercise
intolerance, weight loss, bad hair or lameness. Therefore, it is necessary to obtain a complete
history, including, among other things, the performance, the previous illnesses, the admin-
istration of medications and those conditions that may cause stress. Endogenous and exog-
enous glucocorticoids suppress the HPA axis. This produces atrophy of the fasciculate area
of the adrenal gland due to the decrease in ACTH concentrations. Although there may be
electrolyte disturbances in some cases of adrenal insufficiency, the glomerulosa zone is mini-
mally affected. The clinical signs of these alterations include depression, anorexia, scanty hair,
abdominal deformity and lameness. The biochemical analysis may be normal or there may be
hyponatremia, hypochloremia, hyperkalemia and hypoglycemia. Severe damage from sepsis,
hemorrhage, venous thrombosis and cortical necrosis may lead to atrophy and dysfunction of
the adrenal gland. Therefore, hypoadrenocorticism can occur in critically ill horses with septi-
cemia, colic, enterocolitis, endotoxemia, disseminates intravascular coagulation [10].
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3.3. Other conditions

In a study conducted by Martos et al. [130], the existing CORT concentrations were compared
in four groups of animals that had the following pathologies: (1) postoperative hernia, anorexia,
diarrhea, castration, chronic inflammation, babesiosis, laminitis, proximal enteritis, Horner syn-
drome, umbilical hernia and control group (17.55-37.56 ng/ml); (2) displacement of the major
colon, idiopathic ileus and obstruction of the small intestine (49.40-53.02 ng/ml); (3) impaction
of the large intestine [68, 91] and (4) acute inflammation (151.08 ng/ml). The group of animals
with postoperative hernia, anorexia, diarrhea, castration, chronic inflammations, babesiosis and
chronic anemia had lower CORT levels compared with control group. However, animals that
present significant colonic displacement, idiopathic ileus, strangulated small bowel obstruction,
impaction of the large intestine, acute inflammation and obstruction of the large intestine rep-
resented with visceral pain, functional gastrointestinal disorders, hypovolemic shock, dehydra-
tion, acidic-base anomalies and the electrolyte showed acute response to stress. Recently, Ayala
et al. [28] reported elevated CORT levels in horses with laminitis, acute abdominal syndrome,
castration, surgery and acute and chronic diseases than control group. The major changes in the
activity of the HPA axis occurred mainly in acute diseases, laminitis and abdominal syndrome.

Elevated concentrations of CORT in serum have been associated with the presentation of colic
and the severity of the disease. Therefore, CORT levels can provide additional information
about decision making and prognosis and thus predict the survival of horses with colic [53, 131].
Leal et al. [119] described a significant association between abnormal circadian rhythm and the
incidence of colic in horses. The results show that horses with <30% circadian rhythm are more
prone to colic episodes. In addition, pain and plasma CORT in clinical and surgical colic provide
a physiological validation of pain scores as a marker of underlying stress in horses [132, 133].

Finally, Keating et al. [134] showed that stress management and CORT levels have an ability
to influence and manage fecal egg count levels without having to use a deworming agent.
Further studies may be done regarding the factors that influence CORT and determine which
potential factors, if any, can be controlled. Combined with management practices that are
already known to lower the levels of eggs in the feces, it has the potential to be another
method that could alleviate and curb cyathostome infestation without ever having to resort
to a deworming agent.

4. Conclusion

The activation of the HPA axis in stressful situations triggers behavioral and physiological
changes that improve the body’s adaptability and increase its chances of survival. Unlike
chronic stress, acute stress subjected to various stressful conditions including isolation, trans-
port or exercise increase significantly plasma, saliva or feces concentrations of this hormone.
Diverse physiological factors such as age, circadian and ultradian rhythms, season, feeding
or reproductive state influencing cortisol levels, so it will have to take it into account when
interpreting this parameter. Clinical elevation of cortisol is related with Cushing’s syndrome
in older horses. Deficiencies of cortisol are related to serious pathologies such as sepsis or
endotoxemia in foals or adult horses.

197



198 Corticosteroids

Abbreviations

3-B-HSD 3-B-Hydroxysteroid dehydrogenase
ACTH Adrenocorticotropic hormone

CBG Cortisol-binding globulin

CIRCI Critical illness related to corticosteroid failure
CORT Cortisol

CRH Corticotropin-releasing hormone

GH Growth hormone

GnRH Gonadotropin-releasing hormone
HDL High density lipoprotein

HPA axis Hypothalamic-pituitary-adrenal axis
HSP Heat shock regulatory proteins
POMC Proopiomelanocortin

PPID Pituitary pars intermedia dysfunction
RAI Relative adrenal insufficiency

«-MSH a-Melanocyte-stimulating hormone
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