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ABSTRACT ARTICLE HISTORY
The glucocorticoid receptor (GR) is a critical nuclear receptor that regulates gene expression in Received 13 November 2024

diverse tissues, including the heart, where it plays a key role in maintaining cardiovascular health. Revised 23 January 2025
GR signaling influences essential processes within cardiomyocytes, including hypertrophy, calcium Accepted 11 February 2025
handling, and metabolic balance, all of which are vital for proper cardiac function. Dysregulation
of GR activity has been implicated in various cardiovascular diseases (CVDs), highlighting the Glucocorticoid recetor:

. . L, . . . X ptor;
potential of GR as a therapeutic target. Remarkably, recent insights into GR’s epigenetic regulation heart; epigenetics; circadian
and its interaction with circadian rhythms reveal opportunities to optimize therapeutic strategies clock
by aligning glucocorticoid administration with circadian timing. In this review, we provide an
overview of the glucocorticoid receptor’s role in cardiac physiology, detailing its genomic and
non-genomic pathways, interactions with epigenetic and circadian regulatory mechanisms, and
implications for cardiovascular disease. By dissecting these molecular interactions, this review
outlines the potential of epigenetically informed and circadian-timed interventions that could
change the current paradigms of CVD treatments in favor of precise and effective therapies.
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Introduction o L .
from modifications to DNA structure and interac-

Epigenetics explores consequential and sometimes  tion with proteins, rather than changes in the
inheritable changes in gene expression that arise ~DNA sequence itself [1-3]. Cardiovascular
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diseases (CVD) are a leading cause of death world-
wide [4,5]. Conditions such as coronary heart dis-
ease, hypertension, and heart failure are influenced
by a combination of biochemical, environmental,
behavioral, and genetic factors, as highlighted by
the long-term Framingham Heart Study [6]. The
incidence of CVD is rising annually, with an alarm-
ing trend towards younger onset ages [7-9]. Recent
research emphasizes the significant role of epige-
netic modifications in the development and pro-
gression of CVD [10-12]. These modifications
could serve as important early molecular markers
for diagnosing cardiovascular conditions and pre-
dicting treatment responses. Given the complexity
of CVD pathogenesis and the challenges in treat-
ment, reversibility of epigenetic changes presents
new therapeutic opportunities, making epigenetic-
based strategies a critical research focus.

In this review, we examine the epigenetic activ-
ity of the glucocorticoid receptor (GR) in the
heart. GR is a nuclear receptor that mediates the
actions of glucocorticoids, which are hormones
released in response to circadian rhythms and
stress. These hormones are pivotal for homeosta-
sis,  metabolism, inflammation, immune
responses, cardiovascular function, reproduction,
and cognition. Upon glucocorticoid activation,
GR functions as a transcription factor, exerting
genomic and non-genomic effects. High serum
levels of cortisol, a key glucocorticoid, is
a known risk factor for heart failure [13], high-
lighting the impact of GR signaling in cardiomyo-
cytes on disease progression.

GR structure and function

Glucocorticoids are steroid hormones produced by
the adrenal glands and are critical for basal and
stress-induced homeostasis as end products of the
hypothalamic-pituitary-adrenal (HPA) axis [14,15].
They regulate metabolism, inflammation, and
immune response [16,17], and serve as immuno-
modulatory agents in inflammatory, autoimmune,
and lymphoproliferative  conditions  [18-20].
Glucocorticoids  exhibit highly potent anti-
inflammatory effects in the heart, as well as other
major organs in the body such as the liver, brain,
skeletal muscles, and adipose tissue [21-24]. They
impede the production of inflammatory agents like

cytokines and directly repress the transcription of
pro-inflammatory genes, while enhancing the
expression ~ of  anti-inflammatory  proteins.
Consequentially, they are frequently used to protect
the heart from inflammatory injuries in myocarditis
treatment [25]. Glucocorticoids are released in
response to circadian rhythms and stress through
regulation by the HPA axis [26,27], where cortico-
tropin-releasing hormone (CRH) from the
hypothalamus signals the anterior pituitary to
release adrenocorticotropic hormone (ACTH),
which then stimulates glucocorticoid synthesis in
the zona fasciculata of the adrenal cortex.
Through a negative feedback loop, glucocorticoids
inhibit CRH and ACTH production to control their
levels and duration in the body [28]. All glucocor-
ticoids are enzymatically derived from cholesterol,
and the end-product of this pathway is their
inactive forms - cortisone in humans and 11-
dehydrocorticosterone in rodents. In the liver,
11B-Hydroxysteroid dehydrogenase enzymes
modulate the conversion of these inactive gluco-
corticoids to their active forms - cortisol and
corticosterone, respectively [29]. The cellular
effects of these active glucocorticoids are
mediated by the glucocorticoid receptor (GR),
encoded by the NR3CI gene in humans,
a member of the nuclear receptor superfamily.
The GR is widely expressed in human tissues
and functions as a hormone-dependent transcrip-
tion factor regulating the expression of approxi-
mately 3-10% of the human genome, either
directly or indirectly [30,31]. The GR has
a modular structure comprising several regions:
the N-terminal A/B region, or N-terminal
domain (NTD) with the first protein-protein
interaction domain called AF-1 (activated func-
tion 1); the C region, which forms the DNA-
binding domain (DBD); the D, or hinge region;
and the E region, representing the ligand-binding
domain (LBD) with the second interaction
domain AF-2 (Figure 1) [30,31]. The human GR
locus spans ~ 160 kb on chromosome 5 (5q31.3)
and produces two isoforms, GRa and GRp, via
alternative splicing of exon 9 [32-34]. While GRp
works as a negative regulator, GRa - the ‘main’
GR isoform - is broadly expressed and exerts the
glucocorticoid-dependent transcription factor
function [33-35].
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Figure 1. Diagram of GR domains and ligand-induced activity. (A) Linear domain structure of the human GR protein. Domains from
left to right: N-terminal domain (NTD), DNA-binding domain (DBD), hinge region (H) and ligand-binding domain (LBD). (B)
Mechanism of action of glucocorticoid-driven GR transactivation vs transrepression activity based on context, i.e., interacting co-

factors.

Regulation of GR translocation

In the absence of a ligand, GR primarily resides in
the cytoplasm as part of a multiprotein complex
that includes two heat-shock protein molecules
(HSP90 and HSP70) and other proteins
(Figure 1) [36-38]. Upon ligand binding, activated
glucocorticoid-bound GR dissociates from this
complex and translocates into the nucleus [39].
This translocation is facilitated by two nuclear
localization signals (NL1 and NL2), with NLI rely-
ing on importin-a for energy-dependent nuclear
import. In the cytoplasm, the binding of HSP90 to
the ligand-binding domain (LBD) of GR masks
NL1 and NL2, keeping the receptor inactive [40].
Once in the nucleus, GR forms a homodimer and
binds to specific DNA sequences called
Glucocorticoid Response Elements (GREs), which
are its canonical binding sites in the DNA [31,39].
This binding allows GR to act as a classic tran-
scription factor by directly interacting with its own
recognition site on DNA to enhance gene tran-
scription [40-45]. Notably, GR can also interact

with other transcription factors - this interaction
allows it to bind to composite elements and reg-
ulate gene expression in more complex and tissue-
specific ways. After regulating its target genes,
GRa either returns to the cytoplasm as part of
a protein complex or is degraded in the nucleus
via the ubiquitin-proteasome system, which limits
its transcriptional activity [46-50].

Regulation of GR cistrome

Chromatin immunoprecipitation followed by gen-
ome-wide sequencing (ChIP-seq) has revealed that
the GR cistrome is highly specific to each cell type
[51,52]. The GR cistrome refers to the complete set
of genomic regions regulated by the GR [52-54].
This specificity is linked to unique patterns of GR-
associated proteins, such as pioneering and coop-
erating transcription factors (TFs) and coregula-
tors, collectively termed the GR interactome [55].
Through its cistrome, the GR can activate and
repress target genes concurrently. To activate
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genes, homodimeric GR recruits coactivator mole-
cules, including steroid receptor coactivators
(SRC1-3) and histone acetyltransferases like
CBP/p300 [56,57]. In contrast, for gene repression,
GR can either tether to transcription factors such
as NF-xB, interfering with their ability to activate
transcription [58-60], or bind directly to repres-
sive cofactors like NCORI1 and SMRT (also known
as NCOR?2) [61-63]. Therefore, the GR cistrome
can be divided into two groups based on their cell
type-specific behavior. The first group consists of
genes that are regulated by GR independently of
cellular context, such as those involved in main-
taining basal cellular processes or circadian
rhythms, like Perl and Kif15 [64,65]. The second
group includes genes whose expressions vary
between tissues in response to glucocorticoid treat-
ment [64]. The cell type-specific nature of the GR
cistrome is driven by the unique accessibility and
function of  lineage-specific enhancers.
Understanding how these factors, whether transi-
ent or sustained, affect enhancer dynamics, GR
binding, and coregulator recruitment will be criti-
cal for advancing our knowledge of GR regulation
in cardiac tissue.

GR and epigenetic modifiers

Epigenetic mechanisms provide essential control
over gene expression and silencing within cells,
significantly influencing tissue-specific functions
and cell differentiation [66-68]. The three main
epigenetic mechanisms include DNA methylation,
histone modification, and non-coding RNA
(ncRNA)-associated gene silencing [69-71].
Numerous studies have described an interplay
between the GR and histone modification, as well
as DNA methylation. Histone modifications, such
as acetylation, methylation, phosphorylation, and
ubiquitylation, adjust DNA-histone interactions,
with acetylation generally promoting transcription
by loosening chromatin. DNA methylation typi-
cally silences genes through the addition of methyl
groups to CpG islands in promoter regions,
recruiting suppressor proteins and reducing tran-
scription factor interaction [65].

Early life stress is linked to increased methyla-
tion of the NR3CI gene, which encodes the GR.
Raffetti et al. demonstrated that methylation at the

exon 1F locus of NR3CI is associated with altered
morning cortisol levels and may predict substance
use in adolescents [72]. Similarly, Cicchetti and
Handley found associations between NR3CI
methylation and adverse conditions in children,
such as emotional instability, externalizing beha-
viors, and depressive symptoms [73].

In adult brain tumor patients, Wiencke et al. iden-
tified DNA methylation as a pharmacodynamic
marker of dexamethasone (DEX) exposure [74].
DEX is an exogenous glucocorticoid that mediates
its effect through the GR. They showed that blood
DNA methylation could differentiate DEX-exposed
individuals from non-exposed ones. Additionally,
neutrophil-specific methylation markers predicted
survival outcomes, suggesting a prognostic role for
methylation in treatment response. Extending these
findings to CVD could provide novel insights into
glucocorticoid and GR-based therapies.

Glucocorticoids are commonly used to treat
lymphomas because they can induce lymphocyte
apoptosis. However, their effectiveness is often
limited due to the development of glucocorticoid
resistance. A study by Wu et al identified Histone-
lysine N-methyltransferase 2D (KMT2D) as a key
player in this resistance [75]. KMT2D is a histone
methyltransferase that regulates gene expression
by adding methyl groups to histones [76].
Mutations in KMT2D are associated with several
cancers and are known to indicate poor prognosis
[77]. In their study, they found that knocking out
KMT2D reduced GR protein levels [75]. Restoring
KMT2D expression reversed this effect, confirming
its role in stabilizing GR levels. They also discov-
ered that KMT2D binds to the GR, and this is
amplified in the presence of glucocorticoids.
These findings suggest that KMT2D mutations
may lead to glucocorticoid resistance in cancers
by disrupting GR expression and stability.

Ito et al. studied how glucocorticoids regulate
IL-1B-induced gene expression and histone mod-
ification processes, including histone acetyltrans-
ferase (HAT) and histone deacetylase (HDAC)
activities [78]. At higher concentrations, DEX
increased HAT activity but acetylated lysines K5
and K16 on histone H4, distinct from IL-1p, which
targeted K8 and K12. Also, GR recruited HDAC2
to the NF-xB and CREB-binding protein HAT
complex, reducing histone acetylation and



suppressing inflammatory gene expression. These
findings imply that the GR can modulate histone
acetylation by primarily recruiting HDACs and
HATs. This mechanism plays a key role in the
anti-inflammatory effects of glucocorticoids - sup-
pression of inflammatory gene expression by con-
trolling DNA accessibility to transcription factors.

In the liver, GR modulates histone acetylation to
antagonize NRF2 (nuclear factor erythroid
2-related factor 2), a key transcriptional activator
of antioxidant genes. This occurs through GR’s
direct binding to specific DNA sequences called
antioxidant response elements (AREs). DEX
enhances GR binding to AREs, blocking CBP
recruitment and NRF2-dependent histone acetyla-
tion [79]. This reduces NRF2-mediated cytopro-
tection from oxidative stress, linking impaired
antioxidant responses to glucocorticoid side
effects. Investigating similar epigenetic effects in
the heart could provide insights into glucocorti-
coid impact on cardiovascular health.

Role of cardiomyocyte GR in fetal heart
development

Elevated serum cortisol is a known risk factor for
cardiac failure [13], emphasizing the role of gluco-
corticoid signaling in cardiomyocytes and its influ-
ence on disease progression. GR plays a critical
role in fetal heart development by influencing car-
diomyocyte differentiation, metabolism, and cal-
cium signaling, which collectively contribute to
cardiac remodeling and function.

Rog-Zielinska et al. investigated the role of GR
in heart development and found that glucocorti-
coids support both structural and functional
maturation of fetal cardiomyocytes [80]. They
showed that cultured fetal mouse cardiomyocytes
have a functional GR that actively responds to
glucocorticoid treatment, highlighting GR’s role
in heart maturation [81]. They further demon-
strated that endogenous glucocorticoids, acting
via GR, are essential in fetal cardiomyocytes and
vascular smooth muscle, where they facilitate myo-
tibril assembly and organization, ultimately enhan-
cing systolic function and cardiac ultrastructural
development in vivo. Subsequently, they identified
PGC-1a, a key regulator of cardiac mitochondrial
capacity, among the genes upregulated by
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glucocorticoid treatment in primary fetal cardio-
myocytes, both in vivo and in vitro. This upregula-
tion also includes genes such as Myh6 and Nppa,
reflecting similar gene expression patterns seen in
the fetal heart’s response to glucocorticoids [81].
In summary, cardiomyocyte GR is required for the
development of a structurally and functionally
competent fetal heart in vivo.

Role of cardiomyocyte GR in adult heart
function

GR has high expression levels in the adult heart,
where it exerts both genomic and non-genomic
effects [82]. DEX-mediated GR activation
increases cardiomyocyte size, suggesting GR acti-
vation is sufficient to induce hypertrophy, espe-
cially in conjunction with growth stimuli [69].
Interestingly, cardiac-specific GR knockout in
mice also leads to hypertrophy and heart failure
by 3 months of age [83]. Non-genomic GR effects,
such as its localization to membranes and mito-
chondria, may work alongside genomic targets to
promote hypertrophy [82].

The Cidlowski group have extensively studied
the actions of glucocorticoids in the heart through
the GR with transgenic mouse models that speci-
fically target the cardiomyocyte GR. Initially, they
demonstrated that glucocorticoids and their asso-
ciated signaling pathways are crucial for maintain-
ing normal heart function [84,85]. Subsequently,
they showed that ablation of cardiomyocyte GR
results in sex-specific alterations in cardiac gene
expression, eventually leading to heart failure [83].
In male mice, left ventricular systolic dysfunction
emerged by 3 months of age, while females took
longer to exhibit this phenotype. Supporting these
observations, RNA-Seq analysis revealed that GR
deletion in male hearts led to more substantial
disruptions in the expression of genes involved in
heart rate regulation, particularly those controlling
calcium handling. Correspondingly, cardiomyo-
cytes isolated from male cardiomyocyte-GR-KO
hearts showed abnormal intracellular calcium
responses. In contrast, female GR-deficient cardi-
omyocytes maintained calcium responses compar-
able to controls, highlighting a sex-specific impact
of GR on cardiac function [83]. In another study,
they further demonstrated that cardiomyocyte GR
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plays a direct and opposing role in regulating heart
disease [86]. In addition to its role in preventing
failure, GR contributes to maintaining cardiac
structural integrity. Glucocorticoids preserve the
t-tubular system in ventricular cardiomyocytes by
upregulating the autophagic flux [87]. These find-
ings highlight the dual role of GR signaling in
promoting hypertrophy while also preventing
fibrosis and failure, which show the delicate bal-
ance required for optimal cardiac function.

In 2019, Severinova et al. observed a marked
increase in cardiomyocyte surface area following
24 hours of DEX treatment, indicating hypertrophy
[82]. This aligns with findings by Ren et al., who
reported similar hypertrophic changes in H9¢2 cells
and neonatal cardiomyocytes after 72 hours of Dex
exposure [88]. Severinova et al. further identified
early GR targets in cardiomyocytes that regulate
RNA pol II-dependent transcription and gene
expression. These findings complement Rog-
Zielinska et al.’s study, which demonstrated similar
transcriptional changes in mouse hearts following
DEX injection. Among the genes identified in both
studies was KIf9, which Thakkar et al. recently
showed to be crucial for GR-dependent metabolic
adaptations in cardiomyocytes [89]. Notably, KIf9
knockdown was found to inhibit DEX-induced
enhancements in glycolytic function and mitochon-
drial spare respiratory capacity.

In summary, transgenic mouse models engi-
neered to inactivate or overexpress GR in cardio-
myocytes have become essential tools for
delineating GR’s role in the heart. These models
reveal that cardiomyocyte GR is crucial both for
maturation of the fetal heart and for sustaining
normal heart function into adulthood. Table 1 sum-
marizes the actions of GR in the heart. Various
findings suggest that cardiac abnormalities observed
with glucocorticoid deficiencies or excess may be
directly linked to inadequate GR signaling within
cardiomyocytes. However, the exact downstream
genes in cardiomyocytes and GR’s epigenetic
mechanisms in heart function remain open
research questions.

Circadian control of GR action in the heart

It is well-known that glucocorticoids follow
a strong circadian rhythm in their secretion,

peaking at the beginning of the feeding phase -
early night in rodents and early morning in
humans [91-95]. Circadian rhythms are regulated
by internal molecular clocks that are influenced by
the 24-hour day-night cycle [26,91,96,97]. Light
and dark signals are detected by the retina and
translated into neuronal activity, which is then
transmitted to the brain’s suprachiasmatic nucleus
(SCN), the central pacemaker of the circadian
system [91,98]. The clock gene machinery exists
in nearly all body cells, and there is a reciprocal
interaction with GR at the transcriptional, transla-
tional, and post-translational levels [99]. At the
molecular level, the circadian clock operates
through a 24-hour feedback loop in which the
activators CLOCK (circadian locomotor output
cycles kaput) and BMALI1 (brain and muscle aryl
hydrocarbon receptor nuclear translocator-like 1)
form a heterodimer that stimulates the transcrip-
tion of their own repressors, CRY1/2
(Cryptochrome 1/2) and PER1/2 (Period 1/2)
[100-102]. Remarkably, the relationship between
the GR and the circadian rhythm is bidirectional.
Glucocorticoids can independently synchronize
a wide range of important clock genes, including
PERI, CRY1, and BMALL, by coordinating tran-
scriptional cascades through the GR [103].
Meanwhile, the circadian co-regulators crypto-
chromes 1 and 2 interact with GR in a ligand-
dependent manner, broadly modifying the tran-
scriptional response to glucocorticoids [93].
Research by Oster et al., using circadian microar-
ray profiling of adrenal glands, identified
a circadian clock specifically in the outer adrenal
cortex. This localized clock drives the rhythmic
production of glucocorticoids and mineralocorti-
coids in the adrenal gland [96]. The interaction
between the circadian clock and GR activity has
also been established in the immune cells [92] and
the liver [104]. Here, we discuss GR-clock interac-
tion in the heart.

Rev-Erb alpha (REV-ERBa), a circadian tran-
scription repressor, directly interacts with the GR
in the liver to regulate energy metabolism [104].
GR and REV-ERBa are both nuclear receptors that
regulate similar physiological processes, including
metabolism and inflammation. Also, REV-ERBa
generally influences the protein stability and sub-
cellular localization of the GR [105]. Interestingly,
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Table 1. Studies on the GR-mediated effects of glucocorticoids in fetal and adult heart.

Study Model

Findings

Role of GR in fetal heart Global inactivation of GR in
maturation [80] fetal mice

Decrease in size of fetal hearts.
Overall impairment in heart function as shown by a significant rise in the Doppler-

derived myocardial performance index (MPI), a measure of combined systolic and
diastolic function irrespective of heart rate and size.

Diastolic dysfunction in fetal hearts.

Absence of normal maturational increase in expression levels of the following genes:
® Alpha myosin heavy chain (Myh6)

Role of GR in fetal heart Tissue-specific inactivation
maturation [80]

Cardiac ryanodine receptor (Ryr2)

Sodium calcium exchanger (NCX1)

Sarcoplasmic reticulum calcium ATPase (SERCA2a)

Atrial natriuretic peptide (Nppa)

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Ppargcla)

No change in size of fetal hearts.
of GR in cardiomyocytes and Overall impairment in heart function as shown by a significant rise in MPI.

vascular smooth muscle cells No impairment of diastolic function in fetal hearts.

of fetal mice

LV systolic dysfunction in fetal hearts.

Impaired calcium handling via dysregulation of SERCA2a and Ryr2.
Normal maturational increase in expression levels of Myh6 and Nppa.

Role of GR in fetal heart Glucocorticoid treatment in
function [81]
(in vivo and in vitro)

Promotion of myofibril assembly and organization via direct GR activity.
primary fetal cardiomyocytes Enhancement of systolic function via direct GR activity.
Upregulation of PGC-1a, a key regulator of cardiac mitochondrial capacity in primary

fetal cardiomyocytes.

Role of GR in the adult
heart [90]

GR overexpression in
cardiomyocytes of adult

No major alterations in cardiac function.
No cardiac hypertrophy and fibrosis.

mice Bradycardia and atrio-ventricular block.

Role of GR in the adult
heart [85]

Cardiomyocyte-specific GR
knockout

Premature death from heart failure (median survival age of about 7 months).
LV dilation and hypertrophy.

LV systolic dysfunction - |Ejection Fraction and |Fractional Shortening

Upregulation of

® Beta-myosin heavy chain (Myh7)
® Skeletal muscle alpha actin (Actal)
® Smooth muscle alpha actin (Acta2)
® Brain natriuretic peptide (Nppb)
Downregulation of

Ryr2

Dystrophin (Dmd)

Kruppel like factor 15 (KIf15)
Prostaglandin D2 synthase (Ptgds)
Lipocalin (Lcn2)

Tristetraprolin (Zfp36)

REV-ERBa has been shown to be cardioprotective
against cardiac hypertrophy, fibrosis, and heart
failure [106]. In this study, they revealed that REV-
ERBa colocalizes with transcription factors like
Myocyte Enhancer Factor 2 (MEF2) and sup-
presses abnormal gene expression during patholo-
gical cardiac remodeling. MEF?2 is also a circadian
transcription factor, and a molecular interplay of
GR and MEF?2 has been established in the control
of genes important for neuronal plasticity [107].
Hence, it is very possible to implicate the GR as an
additional partner in this REV-ERB and MEF2
interaction network in the heart. Thus, a detailed
study of the interaction between REV-ERBa and

the GR specifically in the heart is required to gain
additional insight into the role of GR during
pathological cardiac remodeling.

The GR has recently been linked to ventricular
arrhythmia (VA), a condition that accounts for
15-20% of deaths worldwide [108]. Sudden car-
diac deaths caused by VA show a circadian pat-
tern, with a higher occurrence in the morning.
Tikhomirov et al. revealed that mice, like humans,
exhibit a morning peak in VA susceptibility [108].
This is driven by circadian rhythms in the expres-
sion of key ion channels, including sodium chan-
nel protein type 5 subunit alpha (Scn5a) and
potassium  voltage-gated channel subfamily
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H member 2 (Kcnh2), as well as the gap junction
protein Connexin 43. They also observed that the
biological morning peak in mouse plasma gluco-
corticoid levels (corticosterone) enhances GR
ligand binding and translocation in ventricular
cardiomyocytes. More importantly, there is
a surge in GR binding to open chromatin profiles
of Scn5a and Kcnh2, and consequently increased
expression of the ion channels and corresponding
ionic currents, Iy, and Ik,. Notably, both systemic
antagonism of GR and cardiomyocyte-specific GR
knockout eradicated the circadian rhythms in the
expression of Scn5a, Kenh2, and Connexin 43. In
the same vein, the morning predisposition to VA
was abolished in both cases. These findings not
only highlight the potential of targeting the circa-
dian regulation of the cardiomyocyte GR in VA
therapy, but they also lay a conceptual foundation
for similar studies in other CVD associated with
the electrical excitability of the heart.

The expression of several Kruppel-like, zinc fin-
ger transcription factors (KLFs) have been shown
to be directly induced by the GR, particularly
KLF15 (Table 1) [109,110]. KLF15 plays a vital
role for two main reasons: it is a key regulator of
glucose, amino acid, and lipid metabolism in the
heart [111-113], and it serves as a central link
between the circadian clock and essential rhythmic
cardiac function [114]. Importantly, the ablation
of KLF15 in cardiomyocytes results in loss of over
third of the circadian transcriptome of the heart
[114]. Sasse et al. explored the molecular mechan-
isms of the GR-KLF15 axis, identifying feed-
forward circuits as key mediators of this interac-
tion [115].

Furthermore, the therapeutic efficacy of gluco-
corticoids on heart function appears to be modu-
lated by circadian timing; our lab has shown that
dosing prednisone during the light phase offers
enhanced cardioprotection in mice compared to
dark-phase administration [116]. Specifically, we
found that ZT0-dosed chronic prednisone treat-
ment at ZTO (inactive period) regimen improved
mitochondrial abundance and function in the nor-
mal myocardium of mice, as compared to the
same treatment dosed at ZT12 (active period),
and this was paralleled in cardioprotective effects
after myocardial infarction based on time-of-
intake. We also found that the epigenetic and

metabolic effects of ZT0 prednisone were depen-
dent on cardiomyocyte-specific GR and BMALI,
directly  implicating  the  cardiomyocyte-
autonomous interplay between glucocorticoid
response and clock [116]. This finding highlights
the potential for chrono-pharmacology to fine-
tune glucocorticoid efficacy in CVD therapy, but
further studies are needed to understand cardio-
myocyte-specific epigenetic regulation of GR.
Identifying more precise targets of glucocorticoid-
mediated metabolic remodeling could pave the
way for novel CVD therapies. Building on this,
our lab recently identified adiponectin receptor 1
(Adiporl) and the mitochondrial pyruvate com-
plex (Mpcl/2) as key gene targets of the GR-
KLF15 axis in cardiomyocytes [117]. Adiporl, an
adiponectin-activated ceramidase, enhances insulin-
sensitive glucose uptake [118], while Mpcl and
Mpc2 form the mitochondrial pyruvate carrier cru-
cial for pyruvate oxidation - a cardioprotective
pathway [119]. We found that GR’s impact on
glucose oxidation is influenced by circadian gating,
making this axis particularly relevant in metabolic
heart disease contexts, such as obesity-related dia-
betic cardiomyopathy in mice [117]. This new
understanding of GR’s metabolic targets opens
questions about potential new avenues for gluco-
corticoid-mediated CVD treatment, especially in
relation to metabolic disorders like diabetes and
obesity.

Conclusion

The GR plays a multifaceted role in cardiac phy-
siology, affecting gene expression through both
genomic and non-genomic pathways and interact-
ing closely with epigenetic and circadian mechan-
isms. Its regulatory functions in cardiomyocytes
are essential not only for fetal heart development
but also for adult cardiac maintenance, as GR
signaling influences cardiomyocyte hypertrophy,
calcium handling, and metabolic homeostasis.
Aberrations in GR activity have been linked to
CVD, emphasizing the potential of GR as
a therapeutic target. The discovery that GR activity
is influenced by circadian rhythms, where circa-
dian-specific glucocorticoid administration may
enhance therapeutic efficacy, opens exciting new
avenues for developing time-targeted treatments.



Further research into the GR’s epigenetic land-
scape and circadian regulation will advance our
understanding of heart disease mechanisms and
pave the way for innovative, tailored therapeutic
strategies for CVD.
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