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ABSTRACT

Inflammation plays a vital role in the immune defense system but can lead to chronic diseases when dysregulated.
Glucocorticoids (GCs) are steroid hormones with potent anti-inflammatory effects, primarily functioning through
interactions with the glucocorticoid receptor (GR). This review delves into the molecular dynamics of GC-GR
interactions, highlighting the receptor's structural domains and the mechanisms by which GCs modulate gene
expression to control inflammation. The GR operates through two main pathways: transactivation and
transrepression, facilitating the expression of anti-inflammatory genes while inhibiting pro-inflammatory
pathways. Despite their efficacy, long-term glucocorticoid therapy is often hindered by significant side effects such
as immunosuppression and metabolic disturbances. Understanding the molecular mechanisms underlying GC-GR
dynamics presents opportunities for the development of selective glucocorticoid receptor modulators (SGRMs)
that retain therapeutic benefits while minimizing adverse effects. Future research directions include designing
dissociated glucocorticoids that separate transrepression from transactivation, investigating GR isoforms for
therapeutic targeting, and exploring epigenetic influences on glucocorticoid responses. Ultimately, enhancing the
specificity and effectiveness of glucocorticoid therapies could significantly improve outcomes for patients with
chronic inflammatory diseases.
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INTRODUCTION

Inflammation is a crucial part of the body's immune gene expression. GRs act as transcription factors,
defense system, protecting against infections, injury, controlling the expression of genes crucial in
and harmful stimuli. However, when inflammation inflammation, immune responses, and other
becomes dysregulated or chronic, it can contribute physiological processes [87]. The process by which
to the pathogenesis of various diseases, such as glucocorticoids  regulate inflammation involves
rheumatoid arthritis, asthma, and inflammatory complex molecular dynamics at the level of the
bowel disease [17]. These conditions result in tissue glucocorticoid  receptor.  Upon  binding a
damage, pain, and impaired function. glucocorticoid molecule, the GR dissociates from
Glucocorticoids (GCs) are a class of steroid heat shock proteins in the cytoplasm, allowing it to
hormones with potent anti-inflammatory properties, enter the nucleus. Once inside the nucleus, GRs can
making them a cornerstone of treatment for many bind to specific DNA sequences known as
chronic inflammatory diseases [27]. GCs suppress glucocorticoid response elements (GREs), located in
various  components of the immune and the promoter regions of target genes [47]. This
inflammatory responses by binding to glucocorticoid binding initiate either the activation or repression of
receptors (GRs), which are intracellular receptors these genes, depending on the context.

found in almost all cell types. Upon binding, GRs These molecular interactions are crucial for
undergo a conformational change and translocate controlling inflammation and immune responses in a
into the cell nucleus, where it can directly regulate highly regulated manner [57]. However, the broad
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range of genes affected by glucocorticoid signaling
also contributes to the wide range of effects these
drugs have on various tissues. While this systemic
regulation is beneficial for controlling inflammation,
it can also lead to significant side effects, such as
metabolic disturbances, osteoporosis, and
immunosuppression, when glucocorticoids are used
long-term [67]. A thorough understanding of the
molecular dynamics of GC-GR interactions is
critical for optimizing glucocorticoid therapies.
While glucocorticoids remain one of the most
effective treatments for controlling inflammation,
their side effects, particularly when used at high
doses or over long periods, limit their therapeutic
use [77]. Researchers aim to design new drugs, such
as selective glucocorticoid receptor modulators
(SGRMs), that retain the anti-inflammatory benefits
of glucocorticoids while minimizing their side
effects. Balancing the efficacy of glucocorticoids in
inflammation control with their potential adverse
effects remains a challenge in clinical practice.
Glucocorticoid Receptor Structure and Function
The glucocorticoid receptor (GR) is a transcription
factor that regulates Immune responses,
inflammation, metabolism, and other physiological
processes. It operates by directly modulating gene
expression in response to glucocorticoid (GC)
binding [87. The GR is composed of three main
domains: the N-terminal transactivation domain
(NTD), DNA-binding domain (DBD), and ligand-
binding domain (LBD). The NTD is a key site for
regulating the transcriptional activity of the GR,
containing activation function-1 (AF-1), which
recruits transcriptional coactivators and other
regulatory proteins. The DNA-binding domain
facilitates the specific interaction between the GR
and glucocorticoid response elements (GREs), which
are sequences of DNA located in the promoter
regions of glucocorticoid-responsive genes [97]. This
interaction allows the GR to control the
transcription of genes involved in inflammation,
immune responses, metabolism, and more.

The ligand-binding domain (LBD) is responsible for
binding  glucocorticoids  and  triggering a
conformational change that activates the GR. When
a glucocorticoid binds to the LBD, the receptor
undergoes a conformational shift that activates it,
causing the dissociation of cytoplasmic chaperone
proteins [107]. Once activated, the GR translocates
to the nucleus, where it can bind to GREs and
modulate gene expression. Upon binding to
glucocorticoids, the GR undergoes a series of critical
steps that allow it to modulate gene expression.
These steps include ligand binding and
conformational change, nuclear translocation, and
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DNA binding and transcriptional regulation [117].
For genes involved in inflammation, the GR often
acts to repress the transcription of pro-inflammatory
molecules such as cytokines and enzymes involved in
inflammation. Additionally, the GR can promote the
expression of anti-inflammatory genes by binding to
positive GREs, thereby enhancing the resolution of
inflammation.

Implications for Therapeutic Use and Side
Effects

The ability of the GR to regulate a wide array of
genes involved in inflammation and immune
responses underpins the therapeutic efficacy of
glucocorticoids in treating inflammatory diseases
[12]. However, the pleiotropic effects of GR
signaling—where the receptor influences many
different genes and physiological processes—can
also lead to undesirable side effects, particularly
when glucocorticoids are used at high doses or for
prolonged periods.

Side effects such as immunosuppression, metabolic
disturbances (e.g., hyperglycemia, weight gain),
osteoporosis, and adrenal suppression arise from the
broad action of the GR across various tissues.
Understanding the molecular mechanisms by which
the GR regulates specific genes offers potential
strategies for developing selective glucocorticoid
receptor modulators (SGRMs). These modulators
aim to retain the anti-inflammatory benefits of
glucocorticoids while minimizing adverse effects by
selectively targeting beneficial GR pathways [137.
In conclusion, the glucocorticoid receptor is a highly
versatile transcription factor with a structure that
allows it to precisely regulate gene expression in
response to glucocorticoid binding. Its role in
controlling inflammation makes it a critical target
for therapeutic intervention in inflammatory
diseases, but its widespread effects across different
systems pose challenges for long-term use.
Improved understanding of GR structure and
function could lead to the development of more
refined and safer glucocorticoid therapies.
Mechanisms of Steroid Action in
Regulation

Glucocorticoids exert their anti-inflammatory and
immunosuppressive effects through interactions
with the glucocorticoid receptor (GR). These
interactions lead to alterations in gene expression
that either promote or inhibit the transcription of
anti-inflammatory genes [147]. The two main
molecular pathways involved in this process are
transactivation and transrepression. Transactivation
involves glucocorticoids binding to specific DNA
sequences known as glucocorticoid response
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elements (GREs) and recruiting coactivators,
leading to increased production of anti-inflammatory
mediators [15]. Key anti-inflammatory genes
include Interleukin-10 (IL-10), Annexin-1, and
IkappaB-alpha (IkB-a). Transrepression involves the
inhibition of pro-inflammatory gene expression
through the indirect repression of pro-inflammatory
transcription factors, such as NF-kB and activator
protein-1 (AP-1). GRs in this pathway interact with
these transcription factors, preventing them from
activating the transcription of genes involved in
inflammation. ~ Key  pro-inflammatory  genes
suppressed by transrepression include Interleukin-6
(IL-6), Cyclooxygenase-2 (COX-2), and Matrix
metalloproteinases (MMPs). The balance between
transactivation and transrepression is crucial for the
therapeutic efficacy and safety of glucocorticoids
[16]. Transactivation is responsible for the
beneficial anti-inflammatory effects, while
transrepression contributes to the suppression of
harmful pro-inflammatory pathways. However,
long-term or high-dose glucocorticoid therapy can
lead to adverse effects, such as metabolic
disturbances, osteoporosis, and immunosuppression
due to widespread activation of GR signaling.
Selective  glucocorticoid — receptor  modulators
(SGRMs) are a promising therapeutic strategy that
aims to selectively enhance transrepression while
minimizing transactivation, reducing side effects
associated with glucocorticoid therapy [17]. These
SGRMs help maintain anti-inflammatory effects
while limiting the broader impact of glucocorticoid
signaling on metabolism, bone health, and other
physiological systems.

Molecular Dynamics of GC-GR Interactions
The molecular dynamics of glucocorticoid receptor
(GC-GR) interactions are crucial for understanding
the efficacy of glucocorticoids in controlling
inflammation and other physiological responses.
These interactions involve factors such as receptor
conformation, ligand affinity, and post-translational
modifications [187]. Conformational changes in GRs,
such as exposure of nuclear localization signals and
recruitment of coactivators and corepressors, are
pivotal for their function as transcription factors.
Ligand affinity is a major determinant of therapeutic
potency, specificity, and duration of action. Different
glucocorticoids exhibit varying affinities for the GR,
which can lead to increased potency and extended
duration of action.

Post-translational ~ modifications of the GR
significantly modulate its activity and stability,
influencing the overall glucocorticoid response.
Phosphorylation can enhance GR transcriptional
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activity by promoting coactivator recruitment and
facilitating  translocation  to  the  nucleus.
Ubiquitination can reduce receptor levels and
regulate signaling, while sumoylation may enhance
GR activity and stability by affecting the receptor's
subcellular localization and stability. By exploring
these dynamics, researchers and clinicians can better
comprehend the complexities of glucocorticoid
action and develop more effective and targeted
therapies  for inflammatory  diseases  while
minimizing adverse effects [197. Future studies
focusing on the molecular mechanisms governing
GR dynamics may lead to the discovery of novel
therapeutic ~ strategies, including selective GR
modulators  that enhance the benefits of
glucocorticoid therapy while reducing associated
risks.
Therapeutic Implications

The molecular understanding of glucocorticoid
receptor (GC-GR) interactions offers significant
insights into optimizing the clinical use of
glucocorticoids in treating inflammatory diseases.
This knowledge has significant therapeutic
implications, particularly in enhancing the efficacy of
glucocorticoid therapies while minimizing adverse
effects and addressing challenges related to drug
resistance. Optimizing therapeutic efficacy involves
selective modulation of gene activation, which can be
achieved through transactivation vs. transrepression
pathways [107. Researchers can design drugs that
enhance anti-inflammatory responses by targeting
specific coactivators or corepressors that interact
with GRs and selectively modulate their activity.
New drug development can lead to the development
of novel glucocorticoid analogs that exhibit
improved efficacy and better tissue selectivity.
Managing side effects is another crucial aspect of
long-term glucocorticoid therapy, which can cause
osteoporosis, hyperglycemia, and adrenal
suppression. Selective GR modulators (SGRMs) are
a promising strategy to minimize these side effects
by  selectively  activating  anti-inflammatory
pathways while sparing metabolic pathways linked
to adverse effects. Understanding individual
variations in GR function can inform personalized
approaches to glucocorticoid therapy, tailoring
treatments to minimize side effects for specific
patient populations [147]. Addressing resistance to
glucocorticoids presents a significant clinical
challenge in managing chronic inflammatory
diseases. Factors contributing to resistance include
altered GR function, defective receptor expression,
impaired nuclear translocation, and mutations in the
GR. Strategies to overcome resistance include
understanding mechanisms, investigating
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combination therapies, and targeting GR defects.
The insights gained from the molecular dynamics of
GC-GR interactions have profound therapeutic
implications  for the clinical application of
glucocorticoids [87. Optimizing therapeutic efficacy
through selective gene modulation and developing
new glucocorticoid analogs can enhance the
effectiveness of treatments for inflammatory
diseases, manage side effects with selective GR
modulators, and address resistance through a better
understanding of glucocorticoid action mechanisms.
Future Directions

The field of glucocorticoid research is evolving
rapidly, with advances in molecular biology and
pharmacology paving the way for more selective and
potent therapeutic options. Several promising
avenues for future research and development focus
on improving the specificity and effectiveness of
glucocorticoid therapies, ultimately leading to better
management of inflammatory diseases. Key areas of
exploration include:

Development of Dissociated Glucocorticoids
Separation of Transrepression and
Transactivation: Traditional glucocorticoids often
exhibit a broad spectrum of actions, leading to both
desired anti-inflammatory effects and unwanted side
effects. Emerging research is focusing on the design
of dissociated glucocorticoids, which selectively
separate transrepression (the suppression of pro-
inflammatory gene expression) from transactivation
(the activation of anti-inflammatory genes). This
differentiation allows for:

Enhanced  Anti-Inflammatory  Effects: By
selectively  enhancing  transrepression — without
activating unwanted pathways, these drugs can
provide strong anti-inflammatory responses.
Reduction of Side Effects: Minimizing the
activation of genes involved in metabolic regulation
can lead to fewer adverse effects associated with
glucocorticoid therapy, improving  patient
compliance and quality of life.

Investigating Glucocorticoid Receptor Isoforms
Functional Diversity of GR  Isoforms:
Glucocorticoid receptors exist in multiple isoforms
(e.g., GRa and GRp), each exhibiting different

functional roles in inflammation and immune
responses. Research into:

Specific Roles of Isoforms: Understanding the
distinct roles and regulatory mechanisms of these
isoforms can  provide insights into  how
glucocorticoid therapies can be tailored for specific
inflammatory conditions.

Targeting Isoform-Specific Responses:
Developing drugs that selectively target specific GR
isoforms may allow for more effective treatments
with minimized side effects, as different isoforms

may mediate distinct physiological processes.

Epigenetic  Regulation of Glucocorticoid
Responses
Impact of Epigenetics: Recent studies have

highlighted  the importance of  epigenetic
modifications (such as DNA methylation and histone
acetylation) in regulating glucocorticoid responses.
Understanding how these modifications influence
GR activity can lead to:

Personalized Treatment Strategies: Individual
variations in epigenetic landscapes may explain
differences in patient responses to glucocorticoids.
Tailoring treatments based on a patient’s epigenetic
profile could enhance efficacy and reduce side effects.
Novel Therapeutic Targets: Identifying specific
epigenetic modifications that influence GR signaling
pathways may reveal new therapeutic targets for
enhancing glucocorticoid action or overcoming
resistance.

Integration of Multi-Omics Approaches

Comprehensive Patient Profiles: Utilizing multi-

omics approaches (genomics, proteomics,
metabolomics) can facilitate a deeper understanding
of the biological pathways affected by

glucocorticoids. This comprehensive profiling allows
researchers to:

Identify Biomarkers: Discover biomarkers that
predict patient responses to glucocorticoid therapy,
enabling personalized medicine approaches in
inflammatory disease management.

Enhance Drug Development: Utilize insights
gained from multi-omics data to guide the design of
novel glucocorticoids that target specific pathways
relevant to inflammation and immune responses.

CONCLUSION

The molecular dynamics of steroid-glucocorticoid
receptor interactions play a pivotal role in
controlling inflammation and immune responses. An
in-depth understanding of these mechanisms is
essential for optimizing the therapeutic use of
glucocorticoids in managing inflammatory diseases.
Future research efforts should concentrate on
developing more selective glucocorticoid therapies
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that maximize anti-inflammatory effects while
minimizing adverse outcomes. By focusing on
dissociated  glucocorticoids, investigating GR
isoforms, exploring the epigenetic regulation of
glucocorticoid responses, and integrating multi-
omics approaches, researchers can pave the way for
more effective and safer treatments for patients
suffering from chronic inflammatory conditions. As
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our understanding of glucocorticoid mechanisms
advances, it holds the promise of transforming

clinical practices,

leading to improved patient

outcomes and enhanced quality of life for those

affected by

1.

chronic inflammation. Continued
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