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Abstract
As very powerful anti-inflammatory and 
immunosuppressive drugs, glucocorticoids 
have gained attention over the past decades as 
a first line treatment for chronic inflammatory 
and autoimmune diseases, in addition to its 
wide use in the field of oncology. An extensive 
body of research has accumulated with regards 
to the molecular anti-inflammatory mecha-
nisms by which glucocorticoids exert their 
effects on the cells of the immune system. 
Moreover, some pro-inflammatory properties 
have recently emerged, based on the analysis 
of glucocorticoid-regulated genes. 
Understanding the physiology and the phar-
macology of these hormones and drugs in the 
context of inflammation and the immune sys-
tem will allow for the comprehension of their 
still incomplete function in homeostasis and 
of their practical clinical applications.
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1	 �Introduction

When discussing the most potent anti-inflammatory 
drugs, glucocorticoids (GCs) represent the first 
class of drugs that is typically considered. Since the 
discovery of their importance for the life of a human 
being in the half of the nineteenth century, GCs 
have been studied for decades; however, the molec-
ular mechanisms of GCs have been incompletely 
understood to date. Thomas Addison was the first to 
describe adrenal insufficiency syndrome in 1849, 
and Harvey Cushing reported hypercortisolism syn-
drome later in 1932; however, it was not until 1949 
when the use of corticosteroids started being intro-
duced into the clinics for patients affected by rheu-
matoid arthritis, by Hench and Kendall. The 
discovery of the extraordinary anti-inflammatory 
properties of GCs was new and unexpected at that 
time, and it paved the way for the subsequent exten-
sive clinical use of GCs for a multitude of inflam-
matory diseases that were incurable. The impact of 
treatment with GCs was so revolutionary that Philip 
Hench and Edward Kendall received the Nobel 
prize in 1950 together with Tadeus Reichstein, who 
first isolated and identified the steroid hormones of 
the adrenal cortex. Subsequently, approximately 30 
synthetic GCs have been synthetized by the phar-
maceutical industry and are employed to treat a 
variety of inflammatory and autoimmune diseases. 
Despite their therapeutic potency, considerable 
adverse effects occur during long-term treatment 
with GCs. The continuous and probing research 
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into the molecular mechanisms of action of these 
compounds is helping to determine which synthetic 
GCs will exert only beneficial effects.

2	 �GCs in the Stress-Related 
Immunomodulation

Stress is defined as an actual or anticipated threat 
of the homeostasis of an organism, by which exter-
nal or internal stimuli (e.g. social threats, maternal 
deprivation, fear, physiological challenge and sur-
gery) termed stressors, activate the so-called 
“stress system” [1]. The stress system consists of: 
(1) the locus caeruleus/norepinephrine autonomic 
nervous system that acts within seconds; and (2) 
the hypothalamic–pituitary–adrenal (HPA) axis, 
comprising the hypothalamus, pituitary and adre-
nal glands, whose response starts more slowly, 
from hours to days. GCs are the final products of 
the HPA axis, and are released by the zona fascicu-
lata of the adrenal cortex as a response to psycho-
genic (e.g., fear) and physical (e.g., cellular lesion 
or pathogen invasion) stressors. They act through 
the GC receptor (GR) via genomic and non-
genomic pathways in virtually any tissues, thereby 
controlling the basic and physiological functions 
of the cardiovascular and immune systems, the 
metabolism of carbohydrates, lipids, and proteins, 
bone and muscles, as well as behavioral processes 
(e.g. emotion) (Table 1).

During the acute phase of stress, GCs at low 
concentrations can bind to both the membrane-
bound GR and the mineral corticoid receptor 
(MR). This, in turn, activates multiple signal trans-
duction pathways that ultimately lead to a series of 
physical and behavioral changes that aim to 
increase the survival of the organism [2, 3]. While 
the cytoplasmic GR receptor is ubiquitously 
expressed in the brain, with high levels of expres-
sion in the neurons and microglia, MR is expressed 
in a few regions (e.g. the hippocampus, amygdala 
and neurons within the paraventricular nucleus of 
the hypothalamus) [4]. The cytoplasmic GR is 
responsible for the genomic effects of GCs, the 
membrane GR and MR mediate the rapid non-
genomic effects of GCs in the brain in response to 
a stress stimulus, with important consequences to 

the adaptive changes in the organism. However, 
how these receptors function still requires further 
investigation. Following a stress stimulus, GCs 
restore their own hypersecretion via a negative 
feedback mechanism on the HPA axis, but if the 
stressor persists, GC hypersecretion may not be 
properly controlled and may become a potential 
threat for the organism. There is evidence that the 
prolonged exposure to stressful conditions can 
induce the structural remodeling of neurons and 
alterations in glial functions, which are frequently 
maladaptive, thus contributing to the development 
of acute or chronic diseases [5].

Both acute and chronic stress affects the immune 
response by activating both the sympathetic nervous sys-
tem and the HPA axis, from which the release of cortisol 
is required to re-establish homeostasis. The interplay 
between these systems are complex and remain only par-
tially understood, occurring in both the peripheral tissues 
and the central nervous system (CNS). As an example, 
GCs are known to control the expression of α1B and β 
adrenergic receptors, with important consequences in the 
clinical use of GCs [6, 7]. Immune responses are affected 
by disturbances in HPA axis activity. The hypersecretion 
of cortisol (e.g. during stress) can increase susceptibility 
to infections and neoplastic diseases and, simultaneously, 
enhance resistance to autoimmune or aseptic inflamma-
tory diseases. Conversely, a deficiency in cortisol produc-
tion reduces the susceptibility to infectious agents while 
also diminishing the susceptibility to autoimmune or 
aseptic inflammatory diseases. Therefore, the level of 
circulating cortisol influences immune cell activity due to 
the potent effects of GCs on cells of the innate and adap-
tive immune system (as described later). As an example, 
surgery-induced stress reduces the number of T cells and 
shifts the Th1/Th2 balance to a Th2 response in humans, 
in conjunction with an increase of T regulatory (Treg) 
cells that contribute to Th1 suppression [8]. Similarly, 
other studies have demonstrated that corticosteroids, 
both alone or combined with catecholamines, can 
increase the expression of Th2 cytokines in the peripheral 
blood cells of human subjects and shift the Th1/Th2 bal-
ance towards a Th2 phenotype during long-term GC 
exposure. Simultaneously, this shift was accompanied by 
an altered ratio of IFNγR/IL-4R, with a dominant expres-
sion of IL-4R in Th2 cells [9, 10]. A Th1/Th2 unbalance 
predominantly impacts diseases such as asthma, Th2 
cytokine-mediated allergic airway inflammation of the 
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lungs. For example, psychological stress exacerbates 
allergic symptoms due to endogenously released GCs 
and, simultaneously, induces a reduction in GR expres-
sion, causing an insensitivity to the anti-inflammatory 
effects of exogenously administered GCs for treatment 
of asthma [11, 12]. Such reduced GR expression is not 
the only mechanism responsible for the failure to elicit a 
response to GCs in this pathology. GC resistance also 
involves other mechanisms, including defects in caspase-
induced apoptosis in eosinophils, the major pro-inflam-
matory effector cells in asthma. Furthermore, GCs inhibit 
IL-12 release by monocytes and macrophages, thus con-
tributing to the shift towards a Th2 phenotype [13]. This 
effect is further exacerbated by the reduction of T regula-
tory (Treg) cells caused by GCs; stress-derived GCs sup-

press the proportion of FoxP3+ Treg cells in subjects 
experiencing mental stress, thus worsening the symp-
toms of asthma. In addition, a decrease in Treg numbers 
and activity was found in different rodent asthma models, 
likely due to the reduction of T cell production in the 
thymus [14, 15].

In the CNS, the primary cell types exhibiting 
immune functionality is microglia cells. 
Microglia cells are associated with the HPA axis, 
respond to infections by secreting pro-
inflammatory cytokines, and help mobilize other 
immune cells to restore homeostasis. They 
express high levels of GR and represent the first 
immune target of GCs in the brain [16]. When a 
stressor activates the HPA axis, the released GCs 

Table 1  A list of the physiological and adverse effects of glucocorticoids. The adverse effects, as well as the physio-
logical effects, occur after long-term pharmacological treatments and represent an exacerbation of their physiological 
effects

Tissue/system Physiological effect Adverse effect
Carbohydrate/lipid 
metabolism

Gluconeogenesis increase Diabetes mellitus
Peripheral insulin resistance
Hepatic glicogen deposition increase

Adipose tissue Increase in fatty acids Fat redistribution, visceral obesity
Bone metabolism Bone formation decrease Osteoporosis, osteonecrosis

Bone mass loss
Cardiovascular Stimulation of renal tubular secretion and of 

glomerular filtration rate
Hypertension, alterations of serum 
lipoproteins, premature atherosclerotic 
disease, arrhythmias with pulse 
infusions

Muscle, connective 
tissue

Normal muscle function, protein catabolism Myopathy, muscolar atrophy

Genitourinary and 
reproductive

Inhibition of release of GnRH from the 
hypothalamus, of gonadotropin from pituitary, 
inhibition of testosterone synthesis and release 
from gonads

Amenhorrhea/infertility, intrauterine 
growth retardation

Brain Modulation of physiological homeostasis, 
coordination of adaptive responses to stressors

Euphoria, dysphoria/depression, 
insomnia, psychosis, pseudo tumor 
cerebri

Endocrine system Decrease of LH, FSH, TSH release Hypothalamic-pituitary-adrenal 
insufficiency

Immune system Immunosuppression Heightened risk of typical infections, 
opportunistic infections, herpes zosterAnti-inflammatory effects

Gastrointestinal 
tract

Inhibition of the intestinal absorption of calcium Gastritis, peptic ulcer disease, 
pancreatitis, steatohepatitis, 
gastrointestinal bleeding, hypocalcemia

Renal Salt and water retention Hypokalemia, fluid volume shifts
Skin Skin thinning and purpura, alopecia, 

acne, hirsutism, striae, petechia, 
hypertrichosis, delayed wound healing

Eye Posterior sub capsular cataract, 
glaucoma, exophtalmos
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stimulate the production of anti-inflammatory 
cytokines (e.g. IL-4 and IL-10), which function 
to counteract the inflammatory signals generated 
by the microglia. Moreover, stress-induced GCs 
stimulate the proliferation of microglia cells [17]. 
This cross-talk between GCs and microglia cells 
is included in the signaling network between the 
immune, endocrine and nervous systems. Such 
cross-talk is necessary to restore homeostasis fol-
lowing an inflammatory insult to prevent an inap-
propriate reaction that can result in detrimental 
effects to neurons; however, GCs both promote 
anti-inflammatory effects but also induce pro-
inflammatory effects in the CNS following a 
stress stimulus, depending on the timing of expo-
sure followed by an immunogenic challenge. For 
example, GCs can potentiate or suppress the 
same pro-inflammatory cytokines depending on 
whether the cells have been treated with GCs 
either before or after LPS administration, respec-
tively [18, 19]. Thus, stress-released GCs via the 
HPA axis can prime neuroinflammatory pro-
cesses to subsequent immune events, shifting the 
surveillance state of microglia cells to a primed 
one [20]. Since exaggerated immune and inflam-
matory responses in the brain are currently con-
sidered to be pathogenic in the context of a 
number of psychiatric disorders (e.g. depression 
or bipolar disorder), stressors that lead to neuro-
inflammation by means of released GCs are 
thought to contribute to the development of psy-
chiatric disorders [21].

The immune system is also a target of the stress-
related effects in the periphery. Cathecolamines 
released by the sympathetic nervous system (SNS) 
are directly released into the lymphoid organs. 
Increased norepinephrine in the bone marrow causes 
a release in the circulation of myeloid cells, (e.g. 
monocytes and granulocytes). These cells are imma-
ture and therefore, naturally “inflammatory”, produc-
ing pro-inflammatory cytokines in the tissues which 
they easily infiltrate [22]. Furthermore, myeloid cells 
are insensitive to GCs, thus accounting for the 
GC-resistance that develops during chronic stress. 
This functional insensitivity is primarily associated 
with the reduction of the transcriptional activity medi-

ated by GR.  In addition, inflammatory peripherally 
derived macrophages traffic to the brain, thus contrib-
uting to the neuroinflammation of the brain with con-
sequences in neurobiology and behavior [23].

In several stress-related long-term diseases, 
(e.g. acute coronary syndrome or major depres-
sion), the percentage of Tregs is decreased, which 
may serve as a means to facilitate an immune 
response [15]. When stress becomes chronic, it 
can lead an increased percentage of Tregs to 
counteract the inflammatory status and the 
increased proliferation of effector T cells [24]. 
However, heightened levels of Tregs have also 
been found in acutely-stressed healthy individu-
als, which may represent an altered response to 
acute stress that may predispose individuals to 
future disease development [25].

Immunomodulation by stress can influence 
tumor growth, progression, and metastasis. 
Cytokines (e.g. IL-6) can be produced at high 
levels by immature, inflammatory myeloid 
derived-cells that are GC insensitive and con-
tribute to enhanced inflammatory responses to 
infectious agents [26, 27]. Therefore, chronic 
inflammation can lead to tumor development 
via the mediation of cells of the immune system 
[28]. As an example, Tregs can favor tumor pro-
gression by locally suppressing the anti-tumor 
immunity [29–31]. In addition, stress-released 
GCs induce immunosuppression, thereby 
decreasing immune defense against cancer and 
facilitating tumor growth. Furthermore, epide-
miologic studies have linked stress to tumor 
progression through the activation of the SNS 
[32]. Molecular studies have also revealed a 
role for the Glucocorticoid-Induced leucine 
Zipper (GILZ) protein and its isoform long-
GILZ as novel anti-proliferative GC-mediators. 
GILZ can bind to Ras, thereby inhibiting Ras- 
and Raf-dependent cell proliferation, whereas 
L-GILZ can bind to p53, thereby exerting an 
anti-proliferative effect [33, 34]. However, the 
mechanism by which GCs influence tumor cell 
growth, either under conditions of stress or dur-
ing a pharmacological treatment, requires fur-
ther study.
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3	 �Local Production 
of Glucocorticoids

Circulating GCs are released by the adrenal cor-
tex of the adrenal glands following a circadian 
local rhythm and this mechanism is independent 
of systemic influences (e.g. stress or peripheral 
constant CRH infusion). This regulation protects 
the organism from threats (e.g. infections) by 
avoiding possible serious consequences derived 
from the long-term activation of the immune sys-
tem, which communicates with the HPA axis via 
the secretion of cytokines, including TNF-α, IL-1 
and IL-6 [35]. GCs are derived from cholesterol 
via a series of enzymatic conversions (Fig.  1) 

thus leading to corticosterone production in spe-
cies, such as reptiles, birds, or mice, and to corti-
sol release in species such as fish, primates or 
humans. Both corticosterone and cortisol bind to 
the GC and mineralocorticoid receptors, thereby 
regulating the activity of several organs.

In addition to the systemic production of GCs, 
extra-adrenal synthesis can be found in organs 
such as primary lymphoid organs, skin, intestine, 
brain, heart, and vasculature. This local production 
does not affect serum levels of GCs, since the 
removal of adrenals does not lead to a detectable 
amount of circulating GCs; however, it rather 
seems to exert control over eventual inflammatory 
conditions [36]. The first organ in which the local 
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Fig. 1  Glucocorticoid 
synthesis in different 
species. A series of 
enzymatic reactions lead 
to corticosterone and 
cortisol production in 
rodents and humans, 
respectively
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production of GCs was demonstrated was the thy-
mus, approximately 20 years ago [37]. Although 
the level of enzymes required for the de novo syn-
thesis of GCs is up to 10,000-fold lower than that 
in the adrenals, the level of GCs produced by thy-
mic epithelial cells (TECs) is sufficient to activate 
GC-responsive genes in the surrounding cells. 
TECs are the main cells that produce GCs in the 
thymus, which is high at birth but decreases with 
aging. In contrast, corticosterone produced by 
double positive (DP) CD4+  CD8+ thymocytes 
increases with age. Once thymocytes have passed 
positive selection, they upregulate the expression 
of CD69 and cease producing GCs. Immature thy-
mocytes are the primary target of the effects of 
both adrenal-released and locally produced GCs. 
In fact, GCs produced by immature thymocytes 
induce apoptosis in these cells in an autocrine 
manner [38]. In contrast, ACTH inhibits GC 
synthesis in thymocytes while inducing their syn-
thesis in adrenal and TECs. This opposing effect 
has not been fully characterized, but it is believed 
to function as a limiting factor for the control of 
excessive apoptosis in the thymus, thus protecting 
this organ from a strong activation of the HPA axis 
that can result in detrimental effects [39, 40]. 
However GCs can also prevent apoptosis in thy-
mocytes when the TCR is triggered, in so called 
“mutual antagonism”, in which the pathways acti-
vated by the TCR and the GR interact. This mech-
anism helps protect the thymocytes that would be 
negatively selected if they had received only one 
signal (from the GR or TCR). In particular, local 
GCs protect thymocytes with an intermediate 
affinity for the TCR from pro-apoptotic signals, 
thus undergoing to positive selection and survival, 
while low and strong affinity for TCR results in 
thymocyte apoptosis. Overall, positive selection 
can occur as a result of GC-mediated TCR antago-
nism [41]. At the molecular level, GCs induce the 
upregulation of Bcl2 expression and GR interac-
tions with AP1, NFAT, and NF-κB transcription 
factors, thus contributing to prevention of apopto-
sis [40]. The dual production of GCs, one by the 
adrenal glands and the other by both the local thy-
mocytes and TECs, appears to serve two purposes: 
(1) peripheral production is required to respond to 
and regulate strong systemic immune responses; 

and (2) local production controls homeostasis and 
the development of thymocytes and possibly other 
cell types, including dendritic cells, fibroblasts and 
macrophages.

The thymus is not the only lymphoid organ 
that produces GCs. The bone marrow and spleen 
are also lymphoid organs particularly devoted to 
the synthesis of GCs in early life when the adrenal 
contribution is low. This production increases 
with age, suggesting that lymphoid GC synthesis 
is required for lymphocyte development through-
out life. In this context, in addition to T lympho-
cytes extensively studied in the thymus, B cells 
may also be the target of locally released GCs 
because of their high GR expression, and their 
maturation can be influenced by the effect of local 
GCs. However, additional studies are necessary to 
assess the role of lymphoid GCs in extra-thymic 
lymphoid organs and their effects on poorly stud-
ied cells other than T lymphocytes. One interest-
ing feature of locally produced GCs is their 
synthesis via GC regeneration, as demonstrated 
by the high expression of the enzyme, Hsd11b1, 
that converts the inactive 11-keto metabolite DHC 
and cortisone into active GCs (Fig.  1) [42, 43]. 
While GC synthesis from cholesterol is indepen-
dent of serum (adrenal) steroids, GC regeneration 
is dependent on the availability of circulating syn-
thesized GC metabolites (DHC in mice or corti-
sone in humans), which can vary acutely in 
response to stressors. Therefore, stressors, chronic 
stress, or diseases that affect the availability of cir-
culating GC metabolites can control T cell devel-
opment via regenerated GCs in the peripheral 
lymphoid organs.

Another important organ with the ability to 
synthesize GCs is the intestine. The proliferating 
cells of the intestinal crypts are devoted to the pro-
duction of GCs, which have a controlling task in 
the maintenance of local immune homeostasis. 
Any stimulus that activates the immune local sys-
tem triggers the production of GCs that control 
and limit the immune response to avoid an exag-
gerated response and consequent tissue damage. 
Such function of locally produced GCs occurs in 
the mucosal tissues, in which the strict contact 
between immune cells and microorganism does 
exist. In addition to this sentinel role, GCs are also 
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responsible for maintaining the integrity and per-
meability of the epithelial barrier by antagonizing 
the destruction of tight junctions caused by TNFα 
during inflammation (e.g. Crohn’s disease) [44]. 
TNFα is also the most important cytokine able to 
induce local GC synthesis: in mice lacking TNFα 
or its receptor, GC synthesis in the gut is either 
reduced or absent [45]. In line with this fact, GCs 
produced in the intestine were found to reduce the 
damage in inflammatory bowel disease, both in 
experimental colitis in rodents and in human dis-
ease, confirmed by the decreased expression of 
GC synthetic-enzymes in Crohn’s patients [46].

Tumors derived from transformed epithelial 
cells of the adrenal cortex produce GCs; simi-
larly, transformed cells from intestinal crypts 
(i.e., colorectal tumor cells) constitutively syn-
thetise GCs. Although the reason these tumor 
cells release GCs has not yet been elucidated, it is 
believed that local GC synthesis may exert 
immune suppression on immune cells infiltrating 
the tumor microenvironment, as a mechanism of 
immune escape [47].

Lungs, like the intestine, are lined with a single 
epithelial layer that allows for the exchange of 
gases with the external environment; however, 
this permits access to potential pathogen agents. 
For this reason, the mucosa is rich in resident 
immune cells involved in the surveillance against 
invading microorganisms. Similar to the intestine, 
the lungs are the site of extra-adrenal GC synthe-
sis that serve to prevent tissue damage caused by 
an exaggerated immune response. However, the 
metabolic pathway of GC synthesis in the lungs 
differs from that in the intestine. The lungs appear 
to reactivate circulating non-active dehydrocorti-
sone to corticosterone, whereas in the intestine, 
GCs are synthesized from cholesterol or choles-
terol metabolites. Unlike the intestine, steroido-
genesis is not triggered by TNFα or other 
pro-inflammatory cytokines, but rather is depen-
dent on the serum dehydrocorticosterone released 
by the adrenal glands, as the surgical removal of 
these glands abolishes local GC synthesis in the 
lungs [48, 49]. This differential regulation of local 
steroidogenesis could be due to different regula-
tion of local inflammation in the intestine and 
lungs. This may be related to the need to restrict 

the inflammatory response to the lamina propria 
to prevent bacteria spreading while maintaining 
hormonal regulation by the adrenal glands in the 
lungs, since local inflammation could easily turn 
into systemic inflammation due to the high vascu-
larization of lungs.

Another barrier between the organism and the 
external environment is the skin. Steroidogenic 
enzymes have been found in melanocytes, fibro-
blasts and keratinocytes. Moreover, cortisol is the 
major steroid produced in the skin. Local produc-
tion of GCs is induced by inflammation (i.e. TNFα 
and IL-1β cytokines), UV radiation, and tissue 
damage, which trigger a reproducible HPA axis 
response with local ACTH production. GCs pro-
duced in the skin play an immunosuppressive and 
anti-inflammatory role, in contrast to serum GCs, 
which promote cell migration from the blood to 
the skin in response to infections or tissue damage 
in the short-term. Therefore, their function is to 
control an excessive immune response, similar to 
other extra-adrenal organs [39].

Rat and human brains express enzymes for 
glucocorticoid and mineralocorticoid synthesis 
and the mouse brain can synthesize corticoste-
rone in both hippocampal pyramidal neurons 
and granule neurons. In developing neurons, it 
is believed that GC levels are maintained at low 
levels due to their potential toxic effects, 
together with low levels of serum GCs; however 
this hypothesis requires validation [39]. As 
described earlier in this chapter, GCs exerts 
extremely important functions in the brain, but 
dissecting the effects caused by circulating GCs 
from those triggered by locally synthesized GCs 
is extremely difficult.

Overall, the local production of GCs appears 
to control an excessive immune reaction, since it 
takes place in organs in which the immune sur-
veillance is physiologically relevant (e.g. thymus, 
intestine and lungs). The concentration of locally 
synthesized GCs is much higher than the serum 
levels. Furthermore, circulating GCs are poorly 
available when needed due to their ability to bind 
to the serum corticosteroid-binding globulin. 
This local high concentration allows for a higher 
number of GC receptors to be activated and initi-
ate the genomic and non-genomic responses with 
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typical anti-inflammatory and immunosuppres-
sive outcomes at specific sites. In addition, the 
extra-adrenal and adrenal GC syntheses are occa-
sionally in opposition, such as in the lymphoid 
organs, where local GC production is high during 
development and decreases over time, compared 
to the systemic GC synthesis that is low during 
development and increases over time. Since local 
GC production has been found in animal species 
other than rodents and humans, it is believed that 
this mechanism represents an evolutionary adap-
tation that is useful to obtain a focused control of 
the immune reactions thereby avoiding harmful 
effects in all other tissues eventually exposed to 
high levels of circulating GCs. Finally, this local 
production raises the question whether therapeu-
tic use of synthetic GCs should be adapted to 
reconstitute local concentration levels of endog-
enous GCs that have been eventually decreased 
in diseases.

4	 �GC Effects on Cells 
of the Immune System

Among the most sensitive GR expressing cells in 
an organism, immune cells have been largely 
studied for being exquisitely responsive to the 
effects of GC. The anti-inflammatory and immu-
nosuppressive effects of GCs occur in all cells of 
the immune system, with either overlapping or 
different mechanisms linked to various cell types.

4.1	 �T Cells

T lymphocytes are the most studied immune cells 
under the effects of GCs. Starting from their matu-
ration and development in the thymus, T cells are 
sensitive to GC effects throughout their lifespan. 
T cells are either positively or negatively selected 
at the stage of CD4+ CD8+ cells, in which a strong 
TCR signal leads to apoptosis as well as an absent 
TCR signal. At this stage, T lymphocytes are very 
sensitive to GC-induced apoptosis, which is antag-
onized by TCR engagement when both stimuli are 
present, as described earlier in this chapter [50]. 
The intensity of TCR signaling determines the fate 

of the cell: only TCRs with an intermediate signal 
intensity and avidity for self-antigens will allow 
the survival of the thymocyte due to the “mutual 
exclusion” effect of GCs, through which the TCR 
and GR signals oppose each other, allowing the 
cell to escape apoptosis. Thymic selection of 
mature T cells has also been explored in studies 
that have used transgenic mice with a mutated 
GR. Mice expressing reduced GR levels due to the 
presence of an antisense transgene exhibit an 
impaired transition from CD4- CD8- precursors to 
CD4+ CD8+ and increased apoptosis, supporting a 
role for endogenous GC in balancing TCR-
mediated signals during thymic selection and 
agreeing with in vitro obtained results [51, 52]. 
Conversely, other studies that have used mice with 
GR-deficient thymocytes demonstrated that GR 
signaling is not essential for T cell development or 
selection in the thymus [53, 54]. To dissect the 
specific roles of GCs in the thymus, further studies 
using in  vivo mouse models and targeted muta-
tions in the GR will be able to assess the actual role 
of GC in thymic cell development.

GCs also exert their effects on mature T cells. 
T-cell-specific inactivation of the GR, as well as 
mice with a selective functional mutation in the 
GR are useful for demonstrating that GCs can 
suppress activation-induced cell death by inhibit-
ing the expression of FasL, which induces cell 
death by binding to its cognate receptor, Fas, on 
T lymphocytes, thereby limiting excessive acti-
vation [55]. In addition to this genomic pathway, 
other non-genomic pathways mediate the effect 
of GCs on T lymphocytes. Soon after GC admin-
istration, kinases (i.e. LCK and Fyn) are down-
regulated with a consequent dissociation from 
the TCR complex [56]. Although less sensitive to 
GC-induced apoptosis due to a strong CD28 sig-
nal, mature lymphocytes are therefore influenced 
by GCs with regards to their activation, survival, 
and cell death through multiple mechanisms.

An important GC function is the ability to drive 
T cell subtype differentiation. Upon an antigenic 
or inflammatory stimulus, T lymphocytes can dif-
ferentiate into distinct subtypes such as Th1, Th2, 
Th17, Tregs and, more recently, Th9 cells. Each 
subtype has a specific role, either physiological or 
even pathogenic, expresses specific transcription 
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factors, and secretes a distinct pattern of cytokines. 
Each subset is differently sensitive to GC-induced 
apoptosis; for example, Th1 cells undergo apopto-
sis when subjected to GC effects while Th2 and 
Th17 cells are resistant. Moreover, Tregs have 
been demonstrated to be both sensitive and resis-
tant in distinct experimental settings. Furthermore, 
GCs can induce cytokine suppression distinctly in 
different subtypes, one of the mechanisms of their 
anti-inflammatory properties. Cytokines from Th1 
and Th2 cells, including IFN-γ, IL-4, IL-5, and 
IL-13, can be suppressed by GCs. In contrast, 
IL-17A and IL-17F from Th17 cells are resistant 
to GC suppression in primary Th17 cells, despite 
being sensitive in multiple sclerosis or severe 
asthma [57]. Moreover, Th17 cells and their 
released cytokine IL-17 appear to be partially 
responsible for the resistance to GC treatment in 
one third of patients with inflammatory disorders 
that do not respond to steroid therapy [58].

GCs can cause a shift from Th1 to Th2 immu-
nity at physiological doses by suppressing Th1 
cytokines. More specifically, GCs can suppress 
the production of interleukin (IL)-12, interferon 
IFN-γ, IFN-α, and TNF-α by antigen-presenting 
cells (APCs) and Th1 cells, but can upregulate 
the production of IL-4, IL-10, and IL-13 by Th2 
cells, thereby promoting their differentiation 
[59]. One consequence of this unbalance is the 
exacerbation of pathologies (e.g. asthma) as 
mentioned above, in which the Th2 phenotype 
contributes to disease pathogenesis.

The role of GCs in Tregs remains still not com-
pletely defined: data obtained in vitro in human 
PBMC revealed a rapid decrease of FoxP3 expres-
sion within 24  h of exposure to Dexamethasone 
(Dex), not due to apoptosis. In support of these in 
vitro data, in transplanted patients with a normal 
Treg number, Tregs can be suppressed by GC treat-
ment. However, an increased number of Treg cells 
was reported in patients with allergic rhinitis, 
asthma or other autoimmune disease, treated with 
high doses of corticosteroids, in which the number 
of Tregs could be modified by the disease. 
Additionally, in an experimental model of EAE, 
short-term simultaneous administration of Dex and 
IL-2 markedly expanded functional suppressive 
Foxp3+ CD4+ CD25+ T cells in murine peripheral 

lymphoid tissues [14, 60, 61]. These opposing 
observations may vary according to the diseases in 
which Tregs are studied or differential experimental 
settings. Recently, the mechanism through which 
GCs increase the number of Treg cells in mice has 
been discovered; GILZ, an anti-inflammatory pro-
tein rapidly induced by GCs, increases the number 
of Treg cells by virtue of its ability to cooperate with 
TGF-β in the induction of FoxP3 [62]. The Treg 
field still remains an incompletely explored field 
and additional studies are needed to unravel the 
relationship between GCs and Tregs.

4.2	 �B Cells

If considered with respect to T lymphocytes, less 
is known about GC function in B lymphocytes. 
Only recent work has partially clarified the role 
of GCs in B cells. GCs are used to treat B cell 
malignancies due to their ability to suppress 
B-cell checkpoint genes across multiple develop-
mental stages. A very recent study reported that 
supraphysiological levels of GCs can either push 
immature cells to the next stage of development, 
with consequent apoptosis, or they may arrest 
cells by removing a positive growth signal [63]. 
An in-depth analysis in murine B cells derived 
from the spleen and bone marrow demonstrated 
that Dex stimulated apoptosis in all B-cell devel-
opmental subsets, suggesting that GC signaling 
plays a pivotal role in B-cell life-or-death deci-
sions [64]. To further underline this important 
role in the life of a B cell, a GC-induced protein, 
GILZ, was found to be the mediator of the effects 
of GCs on B cell lifespan. In mice with a GILZ 
deletion, an accumulation of B lymphocytes in 
the bone marrow, blood, and lymphoid tissues 
was found, as well as decreased B-cell apoptosis. 
This supports an important role of GCs, through 
GC-induced genes, in the regulation of B-cell 
survival [65, 66]. Immunoglobulin synthesis is 
also regulated by GCs; low levels of GCs do not 
exhibit any effects on immunoglobulin synthesis, 
whereas high doses decrease immunoglobulin 
levels in the blood due to an increase of their 
catabolism at the beginning, followed by a reduc-
tion in synthesis [67, 68].
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4.3	 �Macrophages

Monocytes and macrophages are among the cells 
of the first line of defense in the immune system 
and thus targets of the actions of GCs. Suppressing 
the intracellular signaling cascade of MAP 
kinases is one of the mechanisms through which 
GCs exert their anti-inflammatory effects, by 
inhibiting the transcription of pro-inflammatory 
cytokines like IFNγ, IL-1α and IL-1β. 
Furthermore, the suppression of these pro-
inflammatory cytokines can be achieved via the 
direct interaction of ligand-activated GR with 
transcription factors like AP-1 and NF-κB at the 
promoter of target genes [68]. GCs can even pro-
mote the survival of anti-inflammatory monocytes 
by exerting anti-apoptotic effects. It is important 
to protect anti-inflammatory monocytes from 
apoptosis and let them differentiate so that they 
can be efficient in the down-regulation of inflam-
mation. The mechanism by which GCs exert this 
specific effect is via the regulation of the A3 ade-
nosine receptor [69].

Physiologically, low concentrations of corti-
costerone exert stimulatory effects on naïve mac-
rophage chemotactic and phagocytic activities, in 
the absence of immune stimuli, and GR is at least 
partially responsible for these effects. Conversely, 
supraphysiological GC concentrations do not 
have any effects on macrophage functionality. 
Thus, during the early phase of stress, corticoste-
rone may prime innate cells and contribute to 
defense against an infectious agent [70]. Overall 
GCs exert distinct functions on monocytes/mac-
rophages, depending on the dose and the pres-
ence or absence of an immune stimulus.

4.4	 �Neutrophils and Other 
Granulocytes

Different from other immune cell types, neutro-
phils are protected from apoptosis when treated 
with GCs, exhibiting a doubling of their half-
lives compared to untreated cells. This is due to 
the expression of members of the Bcl-2 family of 

survival proteins and the suppression of pro-
apoptotic genes. In this manner, GCs can contrib-
ute with neutrophils to help the organism fight 
against infections with a primary defense cell, 
when all other cells of the immune system suc-
cumb to their apoptotic action. In contrast, the 
persistence of neutrophils in inflamed tissues fur-
ther increases inflammation and contributes to 
the resistance to any pharmacological treatments 
with GCs (e.g. severe neutrophilic asthma, 
inflammatory bowel disease, and rheumatoid 
arthritis). It remains to be elucidated whether 
GCs differentially influence the distinct circulat-
ing phenotypes of neutrophils under inflamma-
tory conditions [71]. Another anti-inflammatory 
effect GCs exert on neutrophils is the prevention 
of granulocyte trans-migration into inflamed tis-
sues. GCs can arrest the extravasation of neutro-
phils from blood circulation by multiple 
mechanisms, including the reduction of selectin 
expression and integrin receptors on neutrophils 
and endothelial cells, respectively. Furthermore, 
GCs have been recently found to reduce neutro-
phil migration by the upregulation of GILZ pro-
tein and consequently Annexin A1, an 
anti-inflammatory and anti-migration protein 
[72]. GCs are also able to increase bone-marrow 
derived neutrophils in the blood stream, so that 
they are therapeutically useful for the treatment 
of neutropenia in combination with G-CSF [73]. 
Although studies describing the effects of GCs 
on granulocytes began many years ago, we are 
still far from fully understanding the influence of 
GCs on neutrophils, under both the physiological 
and inflammatory conditions.

Eosinophils and basophils are sensitive to 
GC-induced apoptosis, and this mechanism is 
mediated by the Fas/FasL system and the 
increased generation of cell-damaging molecules 
(e.g. reactive oxygen species [ROS]) by eosino-
phils [74, 75]. In addition, GCs promote eosino-
phil clearance by inhibiting pro-survival signals 
induced by the cytokines IL-3, IL-5 and granulo-
cyte–macrophage colony-stimulating factor 
(GM-CSF) [76]. These effects explain why GCs 
have been used for many years to treat eosinophilic 
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disorders, although new pharmacological treat-
ments have replaced them as a result of their 
undesired adverse effects. GCs do not only 
reduce the number of basophils but can even 
inhibit their migration in a concentration-
dependent manner and prevent the release of his-
tamine. Recently, GCs have also been found to 
inhibit basophil activation via membrane-bound 
GR interferences with the formation of lipid raft 
nanoclusters [77, 78].

4.5	 �Mast Cells

Mast cells are effector cells characteristic of aller-
gic and inflammatory reactions. When allergen-
mediated aggregation of the FcεRI takes place, a 
signaling cascade is initiated that leads to the pro-
duction of cytokines, chemokines, arachidonic 
and eicosanoid production, and cellular degranu-
lation. Long-term treatment with GCs can inhibit 
mast cell activation by downregulating Erk1/2 
and inhibiting of the PI3K signaling cascade, with 
the subsequent prevention of degranulation and 
mast cell activation. Other signaling pathways are 
also reduced by GC treatment, including the 
phosphorylation of p38 and JNK1/2 [79]. One of 
the major factors involved in the molecular path-
ways of the anti-inflammatory actions of GCs on 
mast cells is the activation of protein tyrosine 
phosphatases (PTPs) by GCs. Within this family, 
DUSP1 and DUSP2 have been functionally char-
acterized in mast cells and found to be upregu-
lated by GCs, thus are available for the 
dephosphorylation of Erk1/2 and the subsequent 
inhibition of cellular activation. Another impor-
tant feature of mast cells is their accumulation at 
the site of inflammation. GCs are known to reduce 
mast cell accumulation by downregulating the 
stem cell factor released by fibroblasts with kinet-
ics that remains to be established [80, 81]. While 
all of these actions mediated by GCs are genomic-
derived, other effects occur rapidly after GC 
administration (e.g. in the treatment of allergic 
reactions, degranulation is rapidly decreased). 
Despite the potential role of membrane bound 
based on studies in other cell types, no studies has 
still been conducted in mast cells.

4.6	 �Dendritic Cells

Dendritic cells have been largely studied as a tar-
get of GC action. Throughout their life cycle, den-
dritic cells are influenced by GCs, differently 
from the monocytes from which they are derived. 
Dendritic cells mature after encountering an anti-
gen and they are sensitive to GC-induced apopto-
sis only before this stage. Furthermore, GCs 
stimulate antigen uptake before maturing, thus 
helping the organism fight against invading patho-
gens by keeping these cells in an immature state. 
More importantly, dendritic cells become tolero-
genic once they are exposed to GCs, exhibiting 
low levels of expression of MHCII molecules, 
costimulatory molecules, and cytokines (e.g. 
IL-1, IL-6, and IL-12) [68]. Under this state they 
can neither prime nor induce the proliferation or 
activation of T cells; however they can promote 
the formation of Treg cells [82]. The migration 
towards the lymph nodes is also inhibited by GCs.

It has been recently shown that endogenous 
GCs suppress the dendritic cell response to LPS 
exposure by reducing IL-12 production during 
sepsis, thus explaining the role of GCs in the 
treatment of sepsis [83].

5	 �Anti-inflammatory 
Versus Pro-inflammatory 
Effects of GCs

As evidenced throughout this chapter, due to the spe-
cific effects of GCs on the cells of the immune sys-
tem, GCs have historically gained attention as the 
most important anti-inflammatory and immunosup-
pressive drugs. Indeed GCs are currently used to 
treat pathologies such as asthma, rheumatoid arthri-
tis, inflammatory bowel disease or even tumor 
pathologies such as acute lymphoblastic leukemia or 
to prevent the graft-vs-host disease in organ trans-
plantations. The ability of GCs to suppress pro-
inflammatory cytokines or other inflammatory 
mediators (listed in Table  2) in a variety of cells, 
guarantees its success in the treatment of inflamma-
tory diseases. Nonetheless, GCs are not as anti-
inflammatory as might be expected. It is generally 
accepted that in addition to the detrimental side 
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effects described in Table 1 and gathered under the 
Cushingoid syndrome, the long term treatment with 
GCs may enhance inflammation and immunity 
depending on the dose, chronicity of treatment, and 
target organ [84, 85]. Genome-wide expression 
studies of GC-treated cells have revealed that GCs 
upregulate genes of innate immune cells that are 
involved in the recognition of pathogens (e.g. pattern 
recognition receptors –PRRs-), but inhibit the 
expression of pro-inflammatory cytokines in cells 
involved in the adaptive immune response [86, 87]. 
In other studies, the increased expression of cytokine 
receptors has been reported (e.g. TNFR, IL-1R, 
Il-6R, and receptors for IFNγ), as well as increased 
IL-1β production in response to LPS [88, 89]. The 
expression of pro-inflammatory genes, including 
iNOS and TNFα, together with a decreased expres-
sion of anti-inflammatory genes, including IL-1ra 
and IL-10, have also been shown in the frontal cor-
tex of rats; these effects were shown to be 
GR-mediated and region-dependent [88]. Therefore, 
in some conditions, while the effects of GCs may be 
opposing, their functions respond to the specific 
needs of the organism and the mechanisms through 
which they occur remain incompletely understood. 
A model proposed by Cain and Cidlowski suggests 
that low levels of GCs in the absence of inflamma-
tion make cells sensitive to any harmful stimulus by 
promoting the expression of PRRs and other pro-
inflammatory mediators. In contrast, during inflam-
matory conditions, high levels of GCs induced by 

stress shorten the duration of the inflammatory 
response by acting as anti-inflammatory agents [86].

6	 �Conclusions

There is no doubt regarding the clinical efficacy 
of GCs for the treatment of pathologies that can-
not be treated with targeted drugs, even despite 
the occasional observance of resistance to GC 
treatment. However, basic knowledge regarding 
the functions of GCs on cells, not only of the 
immune system, but of the whole organism 
remains incomplete. Thus, gaining insights into 
the mechanism of GC action is required to both 
unravel their physiological role and to develop 
alternative drugs with the same anti-inflammatory 
properties as GCs, without the harmful adverse 
effects.
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