
Vascular Pharmacology 82 (2016) 41–50

Contents lists available at ScienceDirect

Vascular Pharmacology

j ourna l homepage: www.e lsev ie r .com/ locate /vph
Review
Glucocorticoid-induced fetal origins of adult hypertension: Association
with epigenetic events☆,☆☆
M. Akhtar Anwar a, Alaaeldin I. Saleh a, Reem Al Olabi b, Tuqa S. Al Shehabi c, Ali H. Eid a,d,⁎
a Department of Biological and Environmental Sciences, Qatar University, Doha, Qatar
b Qatar Biomedical Research Institute, Doha, Qatar
c Department of Health Sciences, Qatar University, Doha, Qatar
d Department of Pharmacology and Toxicology, Faculty of Medicine, American University of Beirut, Beirut, Lebanon
☆ This publication was made possible by grant no. NPR
the responsibility of the authors.
☆☆ This grant was awarded to Ali H. Eid.

⁎ Corresponding author at: Department of Pharmacolo
Biological and Environmental Sciences, College of Arts and

E-mail addresses: ae81@qu.edu.qa, ali.eid@qu.edu.qa

http://dx.doi.org/10.1016/j.vph.2016.02.002
1537-1891/© 2015 Published by Elsevier Inc.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 December 2015
Received in revised form 15 February 2016
Accepted 18 February 2016
Available online 20 February 2016
Hypertension is a predominant risk factor for cardiovascular diseases and a major health care burden. Accumu-
lating epidemiological and experimental evidence suggest that adult-onset hypertension may have its origins
during early development. Upon exposure to glucocorticoids, the fetus develops hypertension, and the offspring
may be programmed to continue the hypertensive trajectory into adulthood. Elevated oxidative stress and
deranged nitric oxide system are not only hallmarks of adult hypertension but are also observed earlier in life.
Endothelial dysfunction and remodeling of the vasculature, which are robustly associated with increased
incidence of hypertension, are likely to have been pre-programmed during fetal life. Apparently, genomic,
non-genomic, and epigenomic factors play a significant role in the development of hypertension, including
glucocorticoid-driven effects on blood pressure. In this review, we discuss the involvement of the aforemen-
tioned participants in the pathophysiology of hypertension and suggest therapeutic opportunities for targeting
epigenome modifiers, potentially for personalized medicine.
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1. Introduction

Cardiovascular diseases (CVDs) remain themajor cause ofmorbidity
and mortality [1]. Of all CVDs, hypertension is the most predominant
risk factor for myocardial infarction, stroke, aortic aneurysm, and ath-
erosclerosis amongother diseases. Hypertension is divided into two cat-
egories, essential and secondary. Glucocorticoid-induced elevation in
blood pressure is classified as secondary hypertension and is a principal
risk factor for cardiovascular-related diseases [2–4,1]. However, the
etiology of hypertension is far from clear. In a significant number of
hypertensive patients, blood pressure is not successfully managed in
spite of the diverse and extensive therapeutic armaments, even with
polypharmacy/polytherapy available to physicians [5]. Recent inroads
to our understanding of epigenetic processes have advanced our
knowledge on their involvement in a broad array of disorders, including
cardiovascular diseases [6], cancer [7], and neurocognitive conditions
[8]. Hence, it is feasible that the lack of response to drugs may be due
to epigenetic mechanisms [9,10].

Glucocorticoids are characterized by a broad spectrum of homeo-
static and pathophysiological functions (metabolism, vascular tone,
anti-inflammatory, immune, volume, and ion regulation in the kidney,
reproduction) [3,11]. Due to their lipophilic nature, they are inherently
able to access any given organ, tissue, or cell within the body; this is il-
lustrated by their ability as steroid lipids to freely traverse the plasma
membrane, including the blood brain barrier. In essence, their influence
may take two pathways, either immediate non-receptor-driven effects
or receptor-mediated influences or possibly both. The current dogma
for cortisol-mediated elevation in blood pressure is that of endothelial
cell dysfunction; the main protagonists for this endothelial derange-
ment being the enhanced reactive oxygen species [12] and reduced ni-
tric oxide (NO) bioavailability [12]. A consequence of augmented
vascular oxidative stress is topological alterations of luminal wall
along the length of vascular tree [13]. This remodeling is indeed linked
to “poorer” prognosis for hypertension [14].

Fetal origins of adult hypertension have been widely documented
[15,16]. Again, ROS and altered nitric oxide system appear to be impor-
tant signaling components in the priming of the fetus during develop-
ment of hypertension. Furthermore, epigenomic modifications are
important determinants of programming of hypertension from early
uterine environment to extra-uterine life. Therefore, in this review, we
examine these determinants particularly in glucocorticoid-induced
hypertension. We also highlight where further studies are required to
cement the thesis put forward in our review.

2. Hypothalamic–pituitary–adrenal axis (HPA axis)
and glucocorticoids

Cortisol (corticosterone in rodents) is synthesized in the adrenocor-
tical cells of zona fasciculata and is under circadian control [17]. Various
signals trigger the paraventricular nucleus in the hypothalamus to se-
crete corticotropin-releasing hormone (CRH), which in turn stimulates
the release of adrenocorticotropic hormone (ACTH) from the anterior
pituitary gland [2]. ACTH stimulates the release of cortisol by binding
to ACTH receptors present on the surface of the adrenocortical
cells [3]. The whole mechanism is a finely orchestrated homeostatic
symphony involving interplay between the different components of
the HPA-axis, leading to a finale in cortisol secretion. Glucocorticoids
(GCs), in a feedback loop, control the release of CRH and ACTH by bind-
ing onto receptorswithin the hypothalamus and pituitary gland (Fig. 1).
Thus, the action of glucocorticoids is regulated by its corresponding
receptor [17] as well as non-receptor mechanisms [18].

In utero glucocorticoid manipulation programs (primes) the HPA
axis to adverse long-lasting consequences associated with aging
[15,19–21]. Hence, excessive exposure to glucocorticoids has a drastic
impact on birth weight, behavior, development of organogenesis, and
ultimately, blood pressure [15,22,23].
Interestingly, local, extra-adrenal production of glucocorticoids may
act synergistically to augment the effects of the circulating pool of GCs
[24,25]. This may have a dramatic influence on the vasculature, among
other tissues/organs, to enhance the glucocorticoid-induced hyperten-
sion. However, GC excess is normally regulated by the glucocorticoid
receptor (GR) and the regulatory enzymes (11beta-hydroxysteroid
dehydrogenases; 11β-HSDs).

3. 11β-HSD-related pathophysiology

Cortisone, another steroid hormone, is considered the inactive
form of cortisol owing to its lower glucocorticoid activity [26]. The
interconversion of cortisone and cortisol is performed by the isozymes
11β-HSD [26,27]. 11β-HSD 1 is responsible of converting cortisone
to cortisol, whereas 11β-HSD 2 triggers the reverse reaction by
inactivating cortisol [26,27]. Importantly, the highest concentration of
these enzymes is located in resistance arteries compared to other
regions of the vascular tree [28]. Thus, they likely contribute to the
regulation of vascular resistance, and hence blood pressure.

Several studies link glucocorticoid-mediated actions to the regula-
tion of vascular tone [29–31]. It has been reported that a decrease in
11β-HSD 2 activity leads to potentiation of vascular tone upon exposure
to catecholamines and angiotensin II [32]. Additionally, in 11β-HSD 2-
deficient mice, endothelial dysfunction is prominent, indicative of
impaired NO synthesis and diminished guanylate cyclase activity.
Interestingly, this endothelial deranged homeostasis enhances the
norepinephrine-mediated aortic contraction [33]. Likewise, in several
phenotypes of metabolic syndrome, inhibition of 11β-HSD 1 activity
alleviates blood pressure, insulin resistance, and dyslipidemia [34].

Mutations in 11β-HSD 2 have been reported. In one instance, a
syndrome called apparent mineralocorticoid excess (AME) ensues
when a missense mutation in 11β-HSD 2 takes place. This mutation
causes an inhibition in the conversion of cortisol to cortisone, which
then leads to an excessive build-up of cortisol in the kidney. As a conse-
quence, robust activation ofmineralocorticoid receptors occurs, evoking
severe hypertension, hypokalemia, and hypernatremia [35–39].

4. Fetal origins of GC hypertension

Epidemiological and experimental studies show that low birth
weight is associated with elevated blood pressure in childhood and
adult life [40,41]. This has led to the suggestion that adverse events
(malnutrition, exposure to GCs) at critical periods of early development
are a prelude to increased cardiovascular and other diseases in the
offspring's later life. This is referred to as fetal origin of adult-onset dis-
eases or the Barker hypothesis [15]. Several lines of evidence lend sup-
port to this association. For example, raised fasting plasma cortisol
levels has been shown to strongly associate with low birth weight
[19]. Equally importantly, low birth weight was also found to be associ-
ated with high aldosterone levels [42].

Interestingly, this fetal origin hypothesis would theoretically predict
that high birth weight (HBW) individuals would have a lower risk for
cardio-metabolic diseases than normal or low birth weight ones. This
has been suggested to be counter-intuitive since overweight and/or
overnutrition in various stages of an individual's life would be expected
to increase the risk of metabolic diseases [43]. Importantly, a recent
systematic review and meta-analysis has found that blood pressure in
HBW individuals is higher than the normal birth weight ones, but that
is only during childhood [43]. Indeed, this study reports that in older
subjects, HBW was associated with lower blood pressure [43]. Another
meta-analysis study further supported these findings of an inverse
relation between birth weight and blood pressure in individuals aged
35 years or older [44]. Taken together, these meta-analyses suggest a
“catch-down” phenomenon. This phenomenon is in fact common in
babies born large, where a postnatal “catch-down” in height andweight
has been previously reported [45,46].



Fig. 1. Regulation by HPA axis: release of cortisol by adrenal cortex, and plethora of cortisol's effects.
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Antenatal glucocorticoid therapy is used for amelioration of prema-
ture fetal lungs [47,48]. Although this is of therapeutic benefit to the
fetal lungs, there are long-term detrimental consequences, including
hypertension and a cohort of cardiovascular diseases. As a proof-of-
concept, both animal [47,49] and human [50,51] studies provide
Fig. 2. Imbalance between oxidants and antioxidants leads to malfunction in hypertensive vas
vasotone, vascular remodeling, endothelial dysfunction, and genetic/epigenetic alterations are
ample evidence in support of deranged cardiovascular homeostasis in
the form of raised blood pressure at different stages of development:
fetal and thereafter [47]. This is highlighted by ovine fetal treatment
with dexamethasone, which increases oxidative stress at 6 months of
age [52,53]. As shall be discussed below in Section 5.2, the progression
culature. Different hypertension-contributing elements, such as inflammatory responses,
modulated.
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of oxidative stress over timemay be responsible for adult hypertension
and cardiac hypertrophy [49,54].

5. GC-induced hypertension

Inflammation, endothelial dysfunction, and vascular remodeling are
core tenets of current understanding of hypertension (Fig. 2). Below,
we discuss several elements that play a pivotal role in GC-induced
hypertension.

5.1. Annexin A1 and cortisol-induced hypertension

Annexin A1 (ANXA1) is a Ca2+ and phospholipid binding protein
that belongs to the annexin family [55]. It is considered an endogenous
glucocorticoid-regulated protein [55,56] that is expressed in human
peripheral blood leukocytes (PBLs) especially monocytes and neutro-
phils [57]. Moreover, ANXA1 plays a major role in mediating the anti-
inflammatory actions of glucocorticoids [55,57].

It has been found that any deregulation in the activity or secretion of
glucocorticoids leads to alterations in the anti-inflammatory response,
and hence the disruption of homeostatic physiology [58]. Several stud-
ies have shown that deficiency in ANXA1 plays a role in resistance to
glucocorticoids and/or in the pathogenesis of inflammatory diseases. In-
deed, a correlation between serum concentration of cortisol and the
quantity of ANXA1 in neutrophils has been reported [57]. This study
suggested that the altered anti-inflammatory response of cortisol
could be associated with changes in the expression level of ANXA1.
Further, it was found that as systemic inflammation increases, the
level of ANXA1 is reduced [59]. This may indicate that disruption of
ANXA1 levels plays a role in the cortisol-induced hypertension, which
is an inflammatory process [60].

5.2. Oxidative stress and cortisol-induced hypertension

It is believed that one of the major reasons for cortisol-induced
hypertension is oxidative stress. Oxidative stress occurs due to an
imbalance between free radical scavengers and production of ROS
[61,62]. In this regards, the three main sources of superoxides are
NADPH oxidase and xanthine oxidase as well as uncoupling of
endothelial NOS [63].

Vascular ROS play a major role in pathogenesis of hypertension
[61,62,64]. Oxidative stress initiates endothelial dysfunction, increased
vascular tone, promotion of cellular growth anddeposition of extracellu-
larmatrix protein [61,62]. Rajashree et al. reported that dexamethasone-
treated hypertensive rats had a low concentration of anti-oxidant en-
zymes, namely, superoxide dismutase and catalase, in the heart [65].
Moreover, superoxide-producing NADPH oxidase was found to be the
main component in oxidative stress accompanying cortisol-induced
hypertension. Contextually, it has been demonstrated that Tempol, a
superoxide scavenger, prevents dexamethasone-induced hypertension
in rats [66].

NADPH oxidase complex includes a membrane-associated cyto-
chrome b558, which is composed of one gp91phox and one p22phox
subunit and several cytosolic regulatory subunits such as p47phox,
p67phox, Rac1, and Rac2 [27]. P47phox plays a significant role in
NADPH oxidase activation by providing physical binding domains to cy-
tochrome b558 and p67phox [27,67]. Several studies showed that in
p47phox knockout mice, ATII infusion does not induce hypertension
[67]. In addition, the knockout mice do not exhibit an increase in super-
oxide production, endothelial dysfunction, and vascular hypertrophy
when compared to wild-type mice infused with ATII [67]. This clearly
suggests that p47phox could be a promising therapeutic target to help
manage hypertension.

Another contributor to glucocorticoid-induced hypertension is the
alteration in one of the essential co-factors of eNOS, tetrahydrobiopterin
(BH4) [67]. A study conducted byMunzel et al. showed that a reduction
in the level of L-arginine or BH4 causes uncoupling of eNOS and a conse-
quent production of superoxide anion O2

− instead of NO [68]. This in
turn increases the level of ROS and leads simultaneously to a state of el-
evated oxidative stress [68]. Uncoupled eNOS has also been implicated
in reduced relaxation of pulmonary arterial rings in an ovine model
of pulmonary hypertension of the newborn [69]. Moreover, eNOS
uncoupling also contributes to hypoxia-induced pulmonary hyperten-
sion in newborn pigs [70]. On the other hand, uncoupling of eNOS
might not be a major contributor to GC-induced hypertension [71].
For example, supplementation of ACTH and dexamethasone treated
rats with Sepiapterin, a precursor of BH4, did not ameliorate the
ACTH-induced hypertension [71]. However, further investigations
from early stages of pregnancy to old age are required in this area to
ensure the thesis portrayed in this review is water-tight.

5.3. Role of L-arginine/nitric oxide cascade in cortisol-induced hypertension

Cortisol-induced hypertension is associated with a decrease in
plasma nitrate/nitrite concentration [72,73]. NO deficiency could be
attributed to either deficiency in L-arginine, downregulation of eNOS,
or overproduction of ROS [72]. Several studies have cited cortisol-
induced hypertension and have noted that blood level or transport
system (cationic amino transporters) of L-arginine are unaffected [74].
In addition, there was no change in availability of endogenous NO
synthase (NOS) inhibitors that block intracellular L-arginine consump-
tion by eNOS (asymmetric dimethylarginine, ADMA; and symmetric
dimethylarginine, SDMA) [75]. In other studies, it has been reported
that cortisol-induced hypertension is associatedwith a decrease in plas-
ma nitrate/nitrite concentrations but not in plasma arginine or ADMA
[76]. A study conducted by Antoniades et al. stated that an increase in
the level of ADMA is associated with systemic inflammation which in
turn induces endothelial dysfunction [77]. Additionally, they found a
close relationship between the levels of ADMA and interleukin-6, an in-
flammatory cytokine [77]. Similarly, other studies have suggested that
the etiology of hypertension is based on alteration in the immune sys-
tem and inflammatory processes [78]. T-cells and macrophages are
stimulated by central signals and home into the vasculature and kidney,
where they release cytokines such as IL-6 and IL-7. These cytokines are
among themain reasons for vascular and renal dysfunctions that lead to
elevated blood pressure [78]. To conclude, there is a complex relation-
ship between the triumvirate of ADMA levels, IL-6, and endothelial dys-
function. Again, these intricate correlations need to be identified in
relation to fetal development and onto adulthood for a comprehensive
understanding of glucocorticoid-induced hypertension.

Additional studies have shown that cortisol-induced hypertension is
linked to a decrease in NO production resulting from downregulation of
eNOS gene expression [75,79–81]. In this context, inhibition of eNOS
raises blood pressure, which is clearly evident in eNOS-deficient mice
[82]. Alternatively, the decrease in NO bioavailability may be due to
cortisol-induced ROS production [83]. Hence, elevated levels of ROS
react with and reduce cellular reservoir of NO, leading to peroxynitrite
generation [83]. This leads to significantly increased oxidative stress,
the effects of which are multi-level and impact different systems. As is
well known, increased oxidative stress eventually leads to cellular
damage that has implications in the onset of hypertension.

6. Vascular smooth muscle cells (VSMCs)

Structural alterations in systemic arteries are a common characteris-
tic of hypertension. Changes in resistance-size arteries (b400 μm) pre-
cede those in the conduit vessels, particularly when plasma cortisol
levels are elevated [13,84]. This is reflected by the media to lumen
ratio as well as hypertrophic remodeling in subcutaneous arteries [13].
It appears that increased oxidative stress is the culprit in cases
where cortisol-induced hypertension is suspected [13]. Interestingly,
dexamethasone stimulates the secretion of endothelin from rat aortic
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vascular smoothmuscle cells, and thismay contribute to glucocorticoid-
induced hypertension through vasoconstriction andmitogenic processes
[85].

A key player in VSMC contraction and coronary vasospasm is Rho-
kinase (ROCK) [86,87]. Sustained elevation of serum cortisol is known
to trigger coronary vasoconstriction through activation of ROCK [88].
In addition, the role of RhoA–ROCK pathway in the regulation of argi-
nase expression and activity is well-documented [89,90]. Interestingly,
cortisol also increases the activity of arginases that are importantly asso-
ciated with uncoupling of eNOS [91,92]. Together, these events trigger
an impairment of luminal endothelial cell function and hence precipi-
tate hypertension. This explains why arginases have been identified as
therapeutic targets for antihypertensive medication [93].
7. Genomic and non-genomic effects of glucocorticoids
on hypertension

There are two routes of mechanisms by which glucocorticoids mod-
ulate cellular and tissue responses: classical transcription-dependent
and non-classical modes of action (Fig. 3). Briefly, glucocorticoids
exert their genomic effects through binding to theα-isoform of cytosol-
ic glucocorticoid receptor (GRα) [17], and the activity of a particular
glucocorticoid is dependent on its affinity for the GR [94]. Once activat-
ed, GRα forms a complex with GC and translocates from cytoplasm to
the nucleus, where it binds to glucocorticoid response element (GRE)
to regulate gene expression [95]. Transactivation commonly leads to ac-
tivation of anti-inflammatory proteins such as ANXA1, IκB, and IL-10
[96], whereas transrepression usually leads to inhibition of pro-
inflammatory transcription proteins: NF-κB and AP-1 [97]. Relatedly,
mutations in GR gene can cause an increase or decrease in the
transactivation action of glucocorticoids [98] [99]. Genomic actions of
GC are also responsible for the downregulation of mitogen activated
Fig. 3.Genomic (classic) and non-genomic actions of glucocorticoids. HSP: heat shock protein, G
tyrosine-protein kinase, FKBP5: FK506 binding protein 5, PI3K: phosphatidylinositide 3-kinase
protein kinases (MAPK) [100]. These actions can eventually lead to an
increased risk of hypertension.

Because inflammation plays a pivotal role in the onset of hyperten-
sion, approaches that aim at ameliorating inflammatory cascades
have been considered. For example, application of NCX-1015, a novel
NO-donating prednisolone derivative, resulted in improvement of GR-
mediated anti-inflammatory effects [101]. This modulation of GR
binding and function appears to occur via the nitration of GR. Further,
a study conducted by Wallace et al. demonstrated that NO-releasing
glucocorticoids represent an attractive alternative to enhance the anti-
inflammatory potency [102]. This may allude to an explanation for the
decrease in anti-inflammatory effects of endogenous glucocorticoids
when there is an observable NO deficiency.

Non-genomic effects of GCs, on the other hand, take place more
rapidly by virtue of GC binding to membrane-bound receptors or
by modulating a myriad of signaling pathways [18]. For example,
dexamethasone is known to potentiate norepinephrine-induced con-
tractions of VSMCs via a non-genomic mechanism involving activation
of ERK, RhoA/ROCK, and p38 pathways [103]. Glucocorticoids, in addi-
tion, can induce activation of ERK 1/2 and Src kinases in VSMCs [104].
Increased activation of ERK 1/2 is directly linked to structural and
functional changes in the vasculature such as proliferation, migration,
hypertrophy, and contractile responses of VSMCs [105,106]. These GC-
induced ERK1/2-mediated changes are critical players in the patho-
physiology of hypertension [107].

8. Epigenetic influence on glucocorticoids (GC) actions

Epigenetic mechanisms regulate gene expression without any alter-
ation in DNA sequence. They are also significant regulators of cellular
differentiation, organogenesis, and fetal development [108,109]. There-
fore, any dysregulation in these mechanisms could lead to an increased
risk of hypertension. Epigenetic dysregulation is caused bymany factors
R: glucocorticoid receptor, MAPK:mitogen activated protein kinases, Src: proto-oncogene
s.
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including diet and stress. Herein, we explore the effects of altered
epigenetic homeostasis on glucocorticoid-induced functions.

8.1. DNA methylation

DNA methylation is a primary epigenetic mechanism regulating
gene expression. It involves adding a methyl group to cytosine residues
which then results in gene silencing. Lowmaternal care and nutritional-
ly imbalanced diets are associated with abnormal DNA methylation
(Fig. 4). In animals, a low level of maternal care negatively impacts on
the GC stress response system of the offspring. This has been shown to
be due to aberrant increase in methylation of GR promoter region
[110,111]. Interestingly, expression of GR was decreased in offspring
that received low frequency of licking and grooming from theirmothers
[112]. On the other hand, high maternal care of the offspring evoked an
increase in expression of GR, hence improving the response to stress
[111]. In humans, an increase in NR3C1 (glucocorticoid receptor gene)
methylationwas associatedwith children in distressed state such as pa-
rental loss or poor nurturing [113]. Child abuse is also linkedwith an in-
crease in methylation of NR3C1 [114]. Moreover, maternal prenatal
exposure to depression and anxiety increased DNA methylation of the
NR3C1 gene in the offspring [115]. Therefore, child abuse is one of the
factors responsible for epigenetic modification of GR gene. Hogg and
colleagues demonstrated an increase in methylation of DNA in the GR
gene in hypertensive pregnant women compared to normotensive
pregnant women [116]. Another clinical study illustrated a decrease in
heart rate and cortisol levels with low levels of DNA methylation of
GR-1C promoter gene [117]. More recently, it was shown that methyla-
tion of NR3C1 correlates with increased atherosclerotic risk in a human
monozygotic twin study [118]. Taken together, these reports indicate
that factors which increase DNAmethylation of GR gene might precipi-
tate cardiovascular disease including high blood pressure [119].

In addition to maternal care, prenatal maternal diet also influences
methylation of GR gene. Increased intake of folic acid during pregnancy,
for instance, is reflected by enhanced methylation of GR in rats [120].
Evidently, methylation of GR gene will increase blood pressure in
susceptible individuals.

8.1.1. 11β–HSDs
11β-HSD2 is an enzyme that converts active cortisol into cortisone.

One mechanism by which the expression of this enzyme is regulated
is through histone methylation of its gene [121] (Fig 5). For example,
methylation of lysine residue 79 at histone H3 (H3K79) by histone
Fig. 4. Effect of imbalanced diet, lowmaternal care, anxiety, and depression onmodulating HPA
hypertension. The effect on glucocorticoid receptor (GR) is by virtue of the increased methylat
methyltransferase disruptor of telomere silencing (DOT-1) has been
shown to repress the expression 11β-HSD2 gene [9]. An abnormal in-
crease in methylation of 11β-HSD2 promoter was determined to have
a major role in hypertension. Indeed, a high methylation of 11β-HSD2
promoter, resulting in reduced activity, was reported in prednisone-
treated patients who developed hypertension [122]. Increased methyl-
ation of 11β-HSD2 was also noticed in rats prenatally exposed to stress
[123]. Not surprisingly, a decrease in 11β-HSD2 activity was correlated
with raised blood pressure [124]. Administration of DNA methyltrans-
ferase inhibitors, such as 5-aza-2′-deoxycytidine (10 mg/kg/day i.p.),
rescued the expression of 11β-HSD2 gene leading to an increased activ-
ity of the enzyme [125]. Another study elegantly linked the consump-
tion of imbalanced diet by pregnant women to an increased risk of
offspring hypertension in adulthood, with this elevated blood pressure
being due to augmentedmethylation of GR and 11β-HSD2 [126]. More-
over, maternal prenatal consumption of imbalanced (low protein) diet
resulted in hypomethylation of angiotensin receptor gene AT(1b) in
the adrenal gland of the offspring [127]. In this context, it was reported
that expression of angiotensin receptor gene AT(1b) is elevated in spon-
taneously hypertensive rats [128]. Moreover, deficiency of calcium in
diets of pregnant rats leads a reduction in methylation of 11β-HSD1
gene and NR3C1 expression in the offspring [129]. Furthermore, hypo-
methylation of 11β-HSD1 enzymewill lead to an increase in conversion
of cortisone to active cortisol (Fig 4). Increased levels of cortisol in
humans are associated with high blood pressure [130]. As a result, epi-
genetic dysregulation of 11β-HSD1 will likely increase the risk of
hypertension.

8.2. Post-translational modifications (PTMs) of histones

PTMs of histones are yet another epigenetic mechanism that regu-
lates gene expression of glucocorticoids. Acetylation appears to play
an important role in hypertension [131]. In particular, acetylation of ly-
sine residue 4 on histone 5 is essential for transactivation and
transrepression function of glucocorticoids [132]. Furthermore, histone
acetylation plays an important role in upregulating 11β-HSD2 in human
placenta [133].

Histone deacetylation appears to be another player in GC-induced
hypertension. For instance, abnormal reduction in HDAC2 illustrated a
decrease in the binding affinity of GR to NF-κB [134]. Pertinently,
glucocorticoid-induced oxidative stress may program the fetus with
epigenetic modifications for later in life hypertension [53]. Oxidative
stress is associated with a reduction in HDAC activity of sirtuin 1
response to stress via changingmethylation status of both 11β-HSD isoforms resulting in
ion and the consequent decreased expression of its NR3C1 gene.



Fig. 5. Aberrant epigenetic effects on the action of glucocorticoids, and the therapeutic approaches that may result in reversal of these abnormalities. HDAC: Histone deacetylase, HMT:
Histone methyltransferase.
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(SIRT1) [135], which is an important player in the regulation of vascular
homeostasis [136]. Also, SIRT1 preserves the normal telomere length
[137], hencepreventing abnormal telomere lengthening in cardiovascu-
lar diseases [138]. Activation of SIRT1 offers protection from angiotensin
II-induced hypertension in mice [139], and represents a novel and rath-
er attractive approach for treatment of CVD [140]. Another deacetylase,
SIRT3, appears to also contribute to the pathogenesis of pulmonary hy-
pertension. Indeed,mice lacking SIRT3 develop spontaneous pulmonary
arterial hypertension [141].

There is also an interesting interplay between glucocorticoids and
other contributors to hypertension. For instance, dexamethasone de-
creases the expression of interferon gamma (IFNɣ) through epigenetic
mechanisms involving histone deacetylation [142]. Importantly, IFNɣ
exerts an anti-hypertensive effect in salt-sensitive Dahl rats [143] and
thus inhibiting it would have a favorable outcome on blood pressure.
Given this role of histone acetylation, many investigators have found it
tempting to test the effects of histone deacetylase (HDAC) inhibitors
on several parameters of metabolic disease. Importantly, HDAC
inhibitors were found to suppress GR expression, and hence the HPA
axis responds to stress in low maternal care rats on par to rats who
experienced high maternal attention [112,144]. In addition, HDAC6-
inhibition exerts a protective influence on glucocorticoid-induced
impairment in glucose metabolism [145]. Given that disturbed glucose
homeostasis increases the risk of CVDs, it was not surprising to hypoth-
esize that HDAC inhibitors would have beneficial outcomes in amelio-
rating blood pressure elevation [146]. Indeed, HDAC inhibition has
been recently reported to reduce pulmonary hypertension, albeit
through different mechanisms [147–150]. Therefore, therapeutic
approaches can reverse epigenetic dysregulation that occurred in
childhood or during pregnancy (Fig. 5).

8.3. Micro RNAs (miRNAs)

In addition to histone modifications, micro RNAs, a group of small
non-coding RNAmolecules, are also considered as epigenetic modifiers.
They are involved in gene expression regulation either by degrading
messenger RNA (mRNA) or inhibiting protein translation [151]. Gluco-
corticoid treatment of pregnant rats is associated with a decrease in
cell proliferation [152]. Interestingly, expression and activity of GR are
significantly reduced by miR-124a and miR-18, both in vivo and
in vitro [153] (Fig 5). Therefore, any aberrant expression of miR-124a
and miR-18 might lead to a dysfunction in the HPA axis. Moreover, an
overexpression of miR-101a and miR-142-3p in mouse adrenocortical
cells down-regulated the expression of glucocorticoid receptor [154].
Micro RNA-199a is considered an important regulator of SIRT1 activity
in the heart [155]. Thus, abnormal interference of miRNAs, such as
miR-199a may affect levels of SIRT1 leading to hypertension. Taken to-
gether, these studies allude to the importance of considering miRNAs a
potential targets in the treatment of glucocorticoid-induced hyperten-
sion. Indeed, recent evidence clearly shows the role of miRNAs in
hypertension [156–161].

9. Conclusion

GC-mediated effects occur through epigenomic pathways, some of
which may be programmed/primed during early development but be-
come evident later during adulthood. This “fetal-programming” may
then exhibit itself as a hypertensive phenotype or another cardiovascu-
lar disease (Fig. 6). Epigenomic dysregulation by factors like diet and
stress can lead to gene modifications which are transferrable to the off-
spring and rather persist into adulthood to produce deleterious long-
lasting effects [162,163]. Importantly and fortunately, these epigenetic
modifications are reversible [112]. Later, it was also reported that a
decrease in GR promoter methylation correlated with reduced stress
levels in the human adult population [117]. Therefore, reducing the
content of methylation on GR gene using methyltransferase inhibitors,
and HDACs blockers represent beneficial therapeutic approaches for
anti-hypertensive effects, and hence abatement of cardiovascular
diseases. Furthermore, a balanced diet and prenatal care may also
protect from epigenetic dysregulation. Since a significant percentage



Fig. 6. Interplay of different factors that together precipitate epigenetic regulations, which lead to modulation of placental 11β-HSD2. These changes culminate in fetal programming that
could precipitate a hypertensive phenotype that could last into adulthood. DNMT: DNA methyltransferases.
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of hypertensive patients do not respond or are not adequatelymanaged
by application of available medication, our review illustrates that
targeting epigenetic modificationsmay offer a therapeutic approach di-
rected towards personalised medicine for alleviating glucocorticoid-
induced hypertension.
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