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Abstract

The glucocorticoid receptor alpha (GRa) is traditionally viewed as a stress-response element with anti-
inflammatory properties. Mechanistically, convergent evidence from global and tissue-specific knockout
models, translational clinical studies, and evolutionary analyses indicates that GRa’s vital role in
maintaining systemic homeostasis challenges its peripheral classification in clinical medicine. To
reconceptualize GRa as a master regulator of organismal survival by analyzing its non-redundant,
multisystemic functions and evaluating its relevance in health, development, and critical illness. This
narrative synthesis combines structured searches performed using the Consensus Al research platform
with evidence from genetic knockout models, tissue-specific deletion studies, and translational clinical
research. Key findings are framed within comparative receptor analyses and integrated into broader
physiological models of homeostasis and allostasis. Evolutionarily, global loss of GRa is perinatally lethal,
characterized by failure of lung maturation and respiratory adaptation, accompanied by metabolic and
neuroendocrine dysregulation. Tissue-specific deletions reveal essential roles in immune regulation,
mitochondrial bioenergetics, cardiovascular function, and neuroendocrine stability. While several other
receptors (including MR) are also essential for survival, GRa is distinctive for the breadth of cross-system
coordination it provides. GRa exhibits both genomic and non-genomic actions that support rapid stress
adaptation and promote restoration of systemic stability. Clinically, despite this broad integrative role,
GRa’s survival-critical functions remain underrecognized in therapeutic strategies. Overall, the evidence
supports GRa as a central integrator of postnatal survival, metabolic resilience, and immunological
competence. GRa is a vital receptor whose systemic regulatory functions exceed its historical classification
as a stress hormone mediator. Its role is not ancillary but foundational, anchoring survival across immune,
metabolic, cardiovascular, and neuroendocrine systems. The collapse of this receptor’s function is not
simply a component of disease—it is the tipping point that drives the organism from adaptation toward
systemic breakdown. Recognizing GRa as a master survival receptor redefines therapeutic priorities,
guiding biomarker-driven restoration of homeostasis in critical illness.
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Introduction
Homeostasis and glucocorticoid receptor alpha (GRa) as central axes of survival

The concept of homeostasis—the intrinsic ability of biological systems to maintain stable internal
conditions despite continuous external and internal perturbations—remains the cornerstone of physiology.
Originally conceptualized by Claude Bernard and later formalized by Walter Cannon [1], this principle
captured the adaptive constancy of internal environments in the face of change. Building upon this
foundation, Hans Selye [2] expanded the concept through his theory of “general adaptation syndrome,”
highlighting the organism’s organized multi-stage response to stress as a vital survival mechanism. Decades
later, Sterling and Eyer [3] introduced the concept of “allostasis,” describing predictive regulation in which
the brain anticipates and prepares for physiological demands in advance to maintain stability through
change. More recently, Sterling [4] clarified that effective regulation relies on the brain’s ability to predict
and proactively manage internal needs.

Expanding this framework, George E. Billman [5] reframed homeostasis not as a static endpoint but as
a dynamic, integrative process controlled by flexible, multi-system adjustments that respond to both
internal and external demands over time. Billman [5] emphasized that it is the breakdown of homeostatic
regulation, rather than the underlying disease process itself, that ultimately leads to death. This perspective
underscores that life depends more on the capacity for physiological coordination than on the elimination
of pathology. Although Billman [5] did not specifically examine critical illness, his assertion that organismal
death results primarily from homeostatic failure parallels the systemic breakdown seen in critically ill
patients.

In line with this perspective, the present work proposes that GRa functions as a central regulator of
homeostasis, coordinating metabolic, immune, neural, and vascular responses through both genomic and
non-genomic pathways. Unlike many human receptors whose loss can be compensated for by redundancy,
GRa performs an irreplaceable, life-sustaining role. Experimental deletion causes perinatal death from
failed pulmonary adaptation and profound metabolic, immune, and neuroendocrine imbalances. Despite its
evolutionarily conserved role and molecular indispensability, GRa remains underappreciated in clinical
medicine as a survival receptor.

Modern therapeutic approaches still view glucocorticoids primarily as anti-inflammatory agents,
overlooking their deeper purpose: to restore and preserve homeostasis during physiological stress. This
narrow perspective persists despite extensive translational research demonstrating that activation of GRa
is vital for postnatal survival and systemic integration [6]. The failure to translate this biology into clinical
strategies has contributed to the ongoing marginalization of a receptor essential for life. Reframing GRa
from a peripheral stress modulator to a central integrator of survival physiology is not merely conceptual—
itis a clinical necessity.

By positioning GRa within the continuum of homeostatic regulation—first outlined by Cannon,
expanded by Selye, and modernized by Billman—this manuscript proposes a unifying view: postnatal
survival ultimately depends on sustained systemic homeostasis mediated by GRa. This reconceptualization
invites a shift in clinical focus—from disease-centered interventions to strategies aimed at maintaining or
restoring physiologic equilibrium—placing GRa at the core of adaptive survival.

Central scientific questions guiding this work
This manuscript investigates what makes GRa a vital receptor for survival.

The first question examines GRa’s essential role after birth. The regulatory function of GRa in male and
female fertility, fetal development, and postnatal maturation is thoroughly reviewed. Unlike most nuclear
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receptors (NRs), which often display partial overlap or functional redundancy, complete genetic deletion of
GRa results in perinatal death due to multisystem failure, highlighting its unique and indispensable role in
supporting life [6]. This contrasts sharply with deficiencies in receptors such as the mineralocorticoid
receptor (MR), where loss of function produces more localized physiological disturbances largely
attributable to electrolyte imbalance.

The second question explores why the loss of GRa leads to systemic collapse. Experimental and clinical
evidence show that GRa acts as a master regulator, coordinating all organ systems and their systemic
connections—including immune, metabolic, bioenergetic, cardiovascular, lymphatic, and neuroendocrine
networks—to sustain organismal stability and homeostasis equilibrium [6]. In addition, GRa functions as a
systemic integrator whose regulatory scope far exceeds that of typical tissue-restricted NRs. Its deletion
disrupts mitochondrial activity, endothelial stability, neuroendocrine control, metabolic regulation, and
coordinated inflammatory signaling—explaining why GRa absence produces global collapse rather than the
organ-specific dysfunction seen with MR deficiency.

The third question investigates whether traditional models of stress and homeostasis adequately
capture GRa’s essential functions. The findings indicate that GRa goes beyond stress adaptation, serving as
a fundamental regulator of homeostasis in both normal and stressful conditions. However, foundational
frameworks—from Bernard and Cannon’s formulation of homeostasis [1] to Selye’s general adaptation
syndrome [2], to Sterling and Eyer’s model of allostasis [3], and Sterling’s later clarifications on predictive
regulation [4]—do not fully encompass GRa’s organism-wide homeostatic role.

The fourth question examines whether GRa can serve as a unifying factor across both historical and
modern theories of physiological regulation. By synthesizing the ideas of Bernard, Cannon, Selye, Sterling,
and George E. Billman, GRa is regarded as a key component in the development of survival physiology.
Billman’s dynamic model of homeostatic regulation [5], when integrated with classical and contemporary
perspectives, further positions GRa as a central mechanistic link connecting homeostasis, allostasis, and
systemic stress adaptation. Despite this, GRa’s central survival role has remained underrecognized, even in
conditions marked by corticosteroid resistance, inflammation, and multisystem failure.

The final question considers translational implications: Could identifying GRa as a survival-critical
receptor reframe therapeutic approaches from predominantly symptom management to actively restoring
systemic homeostasis, especially in cases of critical illness and chronic conditions? Recognizing GRa as
indispensable suggests clinical strategies aimed at restoring GRa signaling may improve outcomes in sepsis,
acute respiratory distress syndrome (ARDS), autoimmune disease, neurodegeneration, and other
conditions characterized by impaired GRa function.

In conclusion, this work supports redefining GRa as a key coordinator of homeostatic regulation and
postnatal survival, with significant implications for both biological understanding and clinical practice.

Preface: receptor essentiality and GRa as a survival axis
Receptors in survival physiology

The human body contains hundreds of receptor systems that detect external and internal stimuli, regulate
cellular signaling, and coordinate organ function. While most receptors function within overlapping or
redundant networks that allow for partial compensation when one component fails, a small subset is
essential for postnatal survival. These survival-critical receptors act as molecular sentinels and integrators,
translating environmental and physiological cues into coordinated cellular and systemic responses.

Among them, the GRa and, to a lesser extent, the MR stand out as non-redundant survival regulators. In
clinical terms, dysfunction of GRa is not just another molecular defect—it causes rapid deterioration across
multiple systems, which is directly relevant to managing critical illness, shock, and severe systemic
inflammatory conditions. Complete genetic deletion or sustained pharmacologic blockade of either receptor
leads to early postnatal death, highlighting their unique, non-redundant roles in maintaining physiological
function stability [7, 8].
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Methodological overview

To explore these questions, targeted scientific inquiries were posed using Consensus, an Al-powered
research synthesis platform. This structured method enabled an investigation into GRa’s necessity across
developmental stages, its role in maintaining organ function under both physiological and pathological
stress, and its involvement in sustaining systemic homeostatic corrections during critical illness. The
emphasis was on translational relevance—linking molecular and physiological findings to clinical strategies
aimed at preserving or reactivating GRa signaling in high-mortality conditions. Evidence was drawn from
global gene knockout models, tissue-specific deletion studies, and translational clinical studies collectively
evaluating whether GRa is indispensable for postnatal survival and adaptation to environmental stress.

Evolutionary context and adaptive expansion

Comparative analyses suggest that the GRa-centered regulatory axis, which includes the hypothalamic-
pituitary-adrenal (HPA) axis, Keap1-Nrf2 oxidative-stress sensors, and aquaporin-mediated water
channels, evolved as an integrated survival network enabling immune resilience, oxidative protection, and
fluid balance during the transition to terrestrial life. The HPA axis regulates stress-induced glucocorticoid
release, the Keap1-Nrf2 pathway detects and neutralizes oxidative injury, and aquaporins conserve water
to maintain hydration. These same regulatory pathways fail in advanced critical illness, explaining why GRa
dysfunction leads to uncontrolled oxidative injury, capillary leakage, and inflammatory cascades.

Although direct evidence of GRa’s non-redundancy during early vertebrate evolution is limited, studies
of limb biomechanics suggest that systemic integrators, such as GRa, became more essential as vertebrates
adapted to land, coordinating limb propulsion, neural input, and metabolic support [9]. From this
perspective, critical illness reflects a state of functional GRa deficiency rather than receptor overactivation.
The resulting phenotype of multi-organ failure arises when the GRa-centered network can no longer
maintain mitochondrial energy production, immune regulation, and vascular integrity.

GRa’s multisystem functions in health and development

GRa holds a central and evolutionarily conserved role in systemic homeostasis [10]. Though classically
associated with the stress response, it regulates metabolism, immune function, cardiovascular and
neuroendocrine integration, neural excitability, mitochondrial dynamics, epithelial and endothelial barrier
function, lymphatic flow, and fluid balance. These effects arise from both genomic (nuclear gene regulation)
and non-genomic (rapid extranuclear signaling) mechanisms, positioning GRa as a dominant regulator of
dynamic, phase-specific physiological responses. When GRa signaling is disrupted, such as in septic shock
or ARDS, instability across multiple systems explains why glucocorticoid therapy fails unless GRa signaling
is restored to re-establish systemic homeostasis. Its importance lies not in a single dominant pathway, but it
results in the integration and coordination of multiple organ systems and regulatory networks. Its
regulation is further influenced by 113-HSD1/2-dependent cortisol availability and by alternative GR
isoforms (f and y), which contribute to variation in homeostatic responses.

Oxidative/nitrosative stress, along with ICU-level micronutrient deficiencies, further compromises GR
signaling. Redox injury reduces HDAC2 activity and promotes JNK/MAPK-mediated phosphorylation of
GRa, leading to impaired nuclear translocation and accelerated nuclear export. Low levels of vitamin D,
thiamine, selenium, and zinc weaken anti-inflammatory gene regulation, mitochondrial redox balance, and
the NADPH-dependent 113-HSD1 “local cortisol” regenerating system. Collectively, these factors diminish
GRa signaling capacity across the endothelium, immune cells, liver, and brain, constituting functional
impairment rather than loss of the receptor itself.

Mitochondrial maturation and postnatal transition

GRa is essential for neurodevelopment, immune system maturation, and metabolic adaptation during the
perinatal window. Localizes not only in the nucleus but also in the mitochondria, GRa drives the metabolic
switch from glycolysis to fatty acid oxidation, sustaining oxidative phosphorylation and ATP generation [11,
12]. Within mitochondria, GRa primarily functions in monomeric form, binding to glucocorticoid response
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element (GRE)-like regions in mitochondrial DNA, and interacting with mitochondrial transcription factor A
(TFAM), which orchestrates mtDNA replication and transcription [13]. This interaction enhances energy
production and limits oxidative stress, ensuring cellular adaptation. In fetal cardiomyocytes, GRa stimulates
fatty acid oxidation to meet ATP demands of postnatal life. This similar metabolic shift is mirrored during
recovery from critical illness, where mitochondrial GRa activation may determine whether patients regain
organ function.

However, excessive or prolonged GRa activation can become maladaptive. Choi and Han [14] showed
that chronic GR upregulation in cancer models impairs oxidative metabolism via transcriptional
misregulation. Lapp et al. [15] showed that acute or low-to-moderate glucocorticoid exposure enhances
mitochondrial oxidative capacity, whereas chronic or high-dose exposure suppresses it. This biphasic, dose-
and context-dependent behavior suggests that GRa activation is restorative during acute stress, yet
detrimental when prolonged, leading to oxidative exhaustion and metabolic collapse.

Comparative receptor roles: GRa vs. MR

GRa has undergone adaptive refinement to handle complex stress and immune challenges in terrestrial
species. While MR shares overlapping roles—particularly in electrolyte balance and immune modulation—
its loss results in localized dysfunction, such as macrophage impairment and vascular instability [7, 8, 16,
17]. In contrast, GRa deletion precipitates multisystem collapse involving neural, immune, and metabolic
disintegration. This distinction has practical implications: MR-targeted therapies may correct localized
disturbances, but only GRa restoration reverses global metabolic-immune-neuroendocrine collapse.
Comparative studies in fish and mammals indicate that GRa’s regulatory role expanded with terrestrial
adaptation, supporting its classification as a system-critical receptor [10, 18].

Mechanistically, GRa engages a wide range of cofactors (CBP/p300, SRC-1, GRIP1) and interacts
directly with transcription factors such as nuclear factor kappa B (NF-kB), AP-1, and peroxisome
proliferator-activated receptor alpha (PPARa), enabling cross-system genomic coordination. Its non-
genomic and mitochondrial signaling also supports kinase (PI3K/Akt, MAPK) activation and bioenergetic
regulation—mechanisms largely absent in MR. These features confer on GRa a unique system-integrating
capacity, whereas MR functions mainly within epithelial and vascular domains [19].

GRa: a neglected survival regulator in clinical medicine

Despite its essential role, GRa remains largely underrecognized in modern therapeutics. Table 1 outlines its
functions across organ systems [6, 19-49], underscoring that GRa is not merely a molecular stress
responder but the coordinating hub for multi-organ stability.

Table 1. Systemic functions of glucocorticoid receptor alpha (GRa) across major organ systems.

Organ/System

GRa function summary

Immune system

Central nervous
system

Peripheral nervous
system

Endocrine system

Cardiovascular and
endothelium

Lungs

Kidneys

Coordinates resolution of inflammation by suppressing NF-kB/AP-1 cytokines, upregulating
GILZ/MKP-1/Annexin A1, limiting neutrophil/macrophage survival, and supporting Treg-mediated
tolerance [20-22].

Modulates synaptic plasticity, hippocampal neurogenesis, and stress adaptation; provides negative
feedback on the HPA axis to control glucocorticoid levels; influences emotional regulation via
MR/serotonin signaling [28].

Influences autonomic outflow and neuroimmune crosstalk; regulates inflammatory tone and
contributes to sensory and metabolic homeostasis under stress [23, 24].

Controls HPA axis reactivity and feedback; modulates thyroid, gonadal, and growth hormone axes;
coordinates stress hormonal signaling across endocrine networks [6, 25].

Upregulates adrenergic receptors, enhances catecholamine sensitivity and NO production via eNOS;
maintains vascular tone, limits inflammation and permeability; regulates sodium-fluid balance [19, 26—
32].

Suppresses airway inflammation, enhances 32-adrenergic bronchodilation, promotes alveolar repair
and surfactant production, reduces vascular leakage in ARDS [33].

Promotes AQP2/ENaC expression to retain sodium/water; limits oxidative stress and inflammation;
supports podocyte and epithelial structure under systemic stress [34—36].
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Table 1. Systemic functions of glucocorticoid receptor alpha (GRa) across major organ systems. (continued)

Organ/System GRa function summary

Liver Regulates gluconeogenesis, lipid metabolism, acute-phase proteins; modulates inflammation and
circadian-metabolic adaptation; ensures substrate mobilization [6, 37].

Gastrointestinal tract  Enhances barrier integrity via tight junction regulation; modulates gut microbiota composition; and
reduces oxidative stress and systemic inflammation via gut immune signaling [6, 38—40].

Pancreas Regulates insulin/glucagon secretion, controls 113-HSD1 expression in islets; maintains glucose
homeostasis; modulates circadian gene expression in -cells [41-43].

Adipose tissue Promotes lipolysis, modulates insulin sensitivity, limits inflammation; preserves mitochondrial function,
and regulates adipokines under metabolic stress [44—46].

Muscle Facilitates protein catabolism during stress adaptation, preserves mitochondrial integrity and glucose
metabolism, and regulates oxidative stress and energy utilization [47—49].

This table summarizes the systemic functions of GRa across major organ systems, highlighting its integrative role in
coordinating physiological stress responses. For a comprehensive recent review, which includes GRa regulation of circulating
cells, see [6]. NF-kB: nuclear factor kappa B; AP-1: activator protein-1; GILZ: glucocorticoid-induced leucine zipper; HPA:
hypothalamic-pituitary-adrenal; MR: mineralocorticoid receptor; NO: nitric oxide; eNOS: endothelial nitric oxide synthase; ARDS:
acute respiratory distress syndrome; AQP: aquaporin; ENaC: epithelial sodium channel.

Disruption of GRa signaling underlies a spectrum of diseases. In critical illness (e.g., sepsis, ARDS), GRa
resistance limits glucocorticoid efficacy, impairing control of inflammation, maintenance of vascular tone,
mitochondrial energy output, and hemodynamic stability, all of which are essential for survival in critically
ill patients [50, 51]. In chronic disorders—including autoimmune disease, inflammatory bowel disease,
rheumatoid arthritis, chronic obstructive pulmonary disease, and major depressive disorder—
dysfunctional GRa signaling drives persistent systemic imbalance [19, 52-57], perpetuating disease
progression.

Yet, current frameworks focus narrowly on GRa’s anti-inflammatory properties, neglecting GRa’s
broader integrative role. This limited view provides symptomatic relief without restoring the systemic
coordination required for complete recovery. Therapeutic strategies that instead aim to restore and
optimize GRa signaling could transform outcomes in critical care, improving survival, reducing life-support
dependency, and accelerating recovery [6, 58].

GRa as a master survival receptor: clinical and physiological reframing

Given the breadth of its systemic influence, GRa must be reframed not as a peripheral stress responder, but
as the principal regulator within an integrated survival axis—indispensable for maintaining multisystem
stability under both basal and stress conditions. This clinical reframing bridges molecular physiology with
patient outcomes, redefining therapeutic priorities across inflammatory, metabolic, neurodegenerative, and
critical illness contexts.

While the MR also contributes to corticosteroid signaling, its functions remain domain-specific, such as
the regulation of macrophage survival, vascular tone, and epithelial barrier integrity. Loss of MR leads to
localized dysfunction, whereas loss of GRa triggers organism-wide collapse characterized by neuronal
apoptosis, immune dysregulation, cardiovascular decompensation, mitochondrial failure, neuroendocrine
instability, and impaired tissue repair and metabolic adaptation [7, 59]. GRa loss destabilizes the HPA axis
[53], impairs mitochondrial bioenergetics [19], and disrupts the transcriptional programs essential for
electrolyte balance, inflammation resolution, metabolic adaptation, and tissue restoration [60]. Clinically,
this manifests as simultaneous hyperinflammation and immune paralysis, loss of vascular tone, metabolic
failure—all hallmarks of poor outcome in critical illness [61]. The resulting multi-organ dysfunction
underscores GRa’s central role as the guardian of integrated homeostasis [61].

In conclusion, reframing GRa as a survival-critical receptor requires medicine to move beyond
reductionist models toward systems-based strategies that preserve, enhance, and restore its signaling
capacity. Because GRa loss precipitates a cascade of immune, metabolic, vascular, and neuroendocrine
failures, its restoration must be recognized as a universal therapeutic goal wherever systemic dysregulation
threatens survival. Evidence indicates re-establishing GRa function accelerates inflammation resolution,
reduces vasopressor dependency, shortens ventilation duration, and improves survival—firmly
establishing its translational importance as a master survival receptor [6, 58, 62].
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This recognition sets the stage for Diversity and specialization of human receptors, which examines the
molecular architecture and regulatory networks through which GRa sustains physiological stability—
beginning with the diversity and specialization of human receptors, to place GRa’s unique survival role
within its broader biological context.

Diversity and specialization of human receptors

Human physiology relies on a vast and highly specialized repertoire of cellular receptors (Table 2) [63-87].
These receptors are broadly classified into membrane-bound, cytoplasmic, and nuclear families, each with
distinct structural features and signal transduction mechanisms. Collectively, they orchestrate the detection
and processing of extracellular and intracellular cues, regulate communication across tissues and organ
systems, and coordinate the integrated physiological responses required for homeostasis, adaptation, and
survival.

Table 2. Major human receptor families: types and functions.

Receptor family Number of Primary function Survival-critical? Loss consequences Redundancy
[primary location] types/Subtypes level

G protein-coupled 367 Sensory, cognitive, Some (e.g., B1-  Cardiac failure (e.g.,  High
receptors metabolic, immune AR) [66] 1-AR knockout) [66]

(GPCRs) signaling [63-65].

[cell membranes
(widespread)]

Adrenergic 9 (a1A/B/D, Regulation of Yes (B1-AR) [66] Severe bradycardia, Moderate

receptors 02A/B/C, B1, B2, cardiovascular tone, impaired cardiac (partial cross-

[sympathetic B3) cardiac output, vascular contractility, heart compensation

nervous svstem resistance, and failure [66] among a/p

h Y ’ metabolic mobilization subtypes)
eart, vasculature] [66]

Serotonin (5-HT) 14 Mood, cognition, Gl, Yes (5-HT2C) Seizure susceptibility, Low

receptors vascular tone [67]. [83] early death [83]

[CNS, Gl tract,
vasculature]

Cannabinoid 2 Neuromodulation, No Altered High
receptors immune regulation [68]. immune/neurologic
[CNS, immune tone [68]
system]
Olfactory Hundreds Sensory; expressed in  No Sensory loss only [69] High
receptors non-olfactory tissues
[odorant detection [69]
chemosensation]
Nuclear receptors 48 Ligand-activated Yes (GRa, MR)  GRa: multisystem GRa: none; MR:
(e.g., GRa, MR, transcriptional [58, 83] failure; MR: salt low
PPARs, ER, AR, regulators controlling wasting, vascular
TR, VDR) metabolism, collapse [58, 84]
[nucleus development, and
(widespread)] inflammation [70].
Receptor tyrosine ~20 families Regulate cell growth, Yes (insulin Neonatal Low to
kinases (RTKs) (e.g., insulin, metabolism, receptor) hypoglycemia, moderate
cell membranes of IGF-1, EGF, differentiation, and metabolic failure,
Lndocrine VEGF receptors) survival via impaired growth
metabolic’ and phosphorylation
th ’ lated cascades (e.g., MAPK,
growth-regulate PI3K/Akt).
tissues]
Ligand-gated ion  Various Fast neurotransmission, Yes (e.g., NMDA) Neuronal apoptosis, Low to
channel receptors neuromuscular [92] early lethality [92] moderate
(ionotropic) signaling [71].
[neuronal
membranes]
NMDA receptors  Multiple Synaptic plasticity, Yes [92] Neurodegeneration, Low
learning, perinatal lethality [92]
[CNS (synapses)] neurodevelopment [92,
93].
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Table 2. Major human receptor families: types and functions. (continued)

Receptor family Number of Primary function Survival-critical? Loss consequences Redundancy
[primary location] types/Subtypes level
Sensory receptors Multiple Detection of internal No Impaired sensory High
. and external stimuli perception [72]
[skin, eyes, ears, [72]
viscera] ’
T cell receptors Millions Adaptive immunity, No Immunodeficiency High
(TCRs) antigen recognition [73]. [73]
[T lymphocytes]
Toll-like receptors ~10 Innate immunity, No Impaired innate High
(TLRs) pathogen recognition response [74]
[74].
[macrophages,
dendritic cells]
TREMs Several immune regulation, No Impaired inflammation High
inflammation control regulation [75]
[several]
[75].
Cytokine Many Immune activation, No Dysregulated High
receptors (e.g., IL- inflammation, cell immunity [76]
1R, IL-2R, TNFR) survival [76].

[Immune and
epithelial cells]

Adenosine Multiple Pain modulation, No Reduced nociception, High
receptors (P1 immune, vascular tone altered perfusion [77]
purinergic, GPCR [77].

subclass)

[CNS, vasculature,
immune cells]

Neuropeptide Y Y1-Y3 Appetite, stress No Metabolic High
receptors—GPCR response, circadian dysregulation [78]

subclass rhythms [78].

Presynaptic Various Neurotransmitter No Altered synaptic High
GPCR (e.g., feedback regulation signaling [79]

GABA,, 5-HT1B) [79].

[presynaptic

terminal in CNS]

Angiotensin AT1, AT2 Cardiovascular, renal, No Hypertension, Moderate
receptors, GPCR CNS function [80]. metabolic shifts [80]
subclass

[kidneys,

vasculature, brain]

Common y-chain  Shared subunit ~ Lymphocyte Yes [81] Severe combined None
(CD132, IL-2RG development; shared immunodeficiency [81]
subunit) component of IL-2, IL-4,

IL-7, IL-9, IL-15, IL-21
receptor complexes
181].

[lymphoid tissues]

KISS1R Single Regulate reproductive  No Infertility, delayed Moderate
(kisspeptin axis activation and puberty [82]

receptor, GPCR puberty [82].

subclass)

[hypothalamus]

This table categorizes major receptor families in the human body by structural classification, number of subtypes, physiological
location, primary functions, and relevance to survival and redundancy. Receptors are grouped into membrane-bound (e.g.,
GPCRs, ionotropic channels), cytoplasmic, and nuclear families, reflecting their distinct yet coordinated roles in cellular signaling
and systemic regulation. The “number of types/subtypes” column denotes recognized functional isoforms. The “primary location”
and “primary function” columns summarize tissue distribution and physiological role. AR: androgen receptor; CNS: central
nervous system; ER: estrogen receptor; Gl: gastrointestinal; GRa: glucocorticoid receptor alpha; IGF-1: insulin-like growth factor
1; IL-1R: interleukin-1 receptor; IL-2R: interleukin-2 receptor; IL-2RG: interleukin-2 receptor gamma chain; NMDA: N-methyl-D-
aspartate; KISS1R: kisspeptin receptor; MR: mineralocorticoid receptor; PPARs: peroxisome proliferator-activated receptors;
TREMs: triggering receptor expressed on myeloid cells; TR: thyroid hormone receptor; TNFR: tumor necrosis factor receptor;
VDR: vitamin D receptor; VEGF: vascular endothelial growth factor.

While these receptors vary widely in structure and mechanism, they are presented together here to
illustrate the full spectrum of receptor specialization and functional indispensability, from rapid
membrane-bound signaling to genomic regulation via intracellular pathways.
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While many function within overlapping networks that provide functional redundancy, others exhibit
high specialization with limited or no compensatory mechanisms—making their preservation essential for
life. This spectrum—from highly redundant to uniquely indispensable—forms the foundation for
understanding the diversity of receptor-mediated control in human biology. Table 2 categorizes major
receptor families by structural classification, number of recognized types or subtypes, physiological
location, primary functions, and relevance to survival and redundancy. It further distinguishes membrane-
bound [e.g., G protein-coupled receptors (GPCRs), ionotropic channels], cytoplasmic, and nuclear families,
highlighting their coordinated roles in cellular signaling, tissue distribution, and systemic regulation—
underscoring their diversity, specialization, and, for a select few, survival-critical functions.

Immune-specific receptors, such as Toll-like receptors (TLRs), cytokine receptors [e.g., interleukin-1
receptor (IL-1R), IL-6R, TNFR], T cell receptors, and TREMs, initiate inflammation, pathogen sensing, and
immune cell activation. These families are central to innate and adaptive immune defense. By contrast,
pleiotropic GPCR subclasses—such as adenosine (P1 purinergic) and angiotensin (AT1, AT2) receptors—
bridge immune, cardiovascular, and metabolic signaling. Although not exclusive to immune pathways, they
influence inflammation, vasomotor tone, and neuroimmune communication. Insulin receptors, part of the
receptor tyrosine kinase (RTK) family, primarily regulate metabolic and endocrine signaling and are
discussed separately from immune receptors due to their distinct structural and regulatory properties.

G protein-coupled receptors

GPCRs represent the most abundant receptor family in humans, with approximately 367 receptors for
endogenous ligands, excluding several hundred olfactory GPCRs. They participate in virtually all
physiological processes, including sensory perception, cognitive function, muscle contraction, metabolic
regulation, vascular tone, and immune signaling. More than 90% of non-olfactory GPCRs are expressed in
the brain, where they display both cell-specific and region-specific expression patterns. Their extensive
expression and functional diversity make them primary pharmacological targets in the treatment of cancer,
metabolic syndromes, psychiatric disorders, and neurodegenerative diseases [63-65].

Major subgroups include the adrenergic receptor family in humans, which mediates sympathetic
nervous system signaling [66], serotonin (5-HT) receptors involved in mood and gut motility [67], and
cannabinoid receptors, which modulate neuro-immune balance [68]. While many GPCRs exhibit functional
redundancy, some subtypes are non-redundant and essential for survival. For example, loss or dysfunction
of the B1l-adrenergic receptor (f1-AR) impairs cardiac contractility and reduces cardiac output,
contributing to the development of heart failure [88, 89]. Intriguingly, certain olfactory GPCRs, traditionally
associated with smell, also perform functional roles in peripheral organs, such as the kidney and heart,
suggesting broader physiological relevance beyond the nasal epithelium [69].

Nuclear and ion channel receptors

Nuclear receptors, 48 of which have been identified in humans, function as ligand-activated transcription
factors that regulate metabolism, development, and immune homeostasis [70]. Their ability to directly
influence gene expression makes them central to long-term physiological adaptations and key targets in
endocrine, metabolic, and inflammatory disorders.

Ion channel receptors, including nicotinic acetylcholine receptors, mediate rapid synaptic transmission,
playing critical roles in neuromuscular coordination, sensory processing, and autonomic regulation [71].
These receptors are major therapeutic targets in neurodegenerative diseases, epilepsy, pain syndromes,
and addiction disorders [71].

Sensory and immune receptors

Sensory receptors convert environmental stimuli into neural signals across exteroceptive, interoceptive,
and proprioceptive modalities, enabling precise detection of external and internal changes [72]. Their
integration with central neural circuits allows rapid behavioral and physiological responses to
environmental challenges.
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The immune system employs specialized receptor families to maintain immune surveillance and
coordinate host defense. These include T cell receptors (TCRs), which mediate antigen-specific adaptive
immunity; TLRs, which detect pathogen-associated molecular patterns and initiate innate immune
responses; and triggering receptors expressed on myeloid cells (TREMs), which fine-tune inflammatory
activity and tissue repair, and resolution [73-75].

Other receptor families

Additional receptor families hold critical roles in maintaining systemic balance. Cytokine receptors—such
as the IL-1R—mediate key immune signaling pathways and orchestrate inflammatory responses [76].
Adenosine and neuropeptide Y receptors modulate metabolic homeostasis and neurological functions [78].
Insulin receptors regulate glucose uptake and anabolic metabolism, whereas angiotensin receptors control
vascular tone and fluid balance, maintaining cardiovascular stability [80].

Essential vs. redundant receptor systems

Although receptor systems underpin nearly all physiological processes, genetic knockout and functional
disruption studies reveal that only a small subset is truly non-redundant for postnatal survival. Most
operate within overlapping networks, allowing partial compensation when one pathway is impaired. In
contrast, survival-critical receptors—such as GRa—cannot be substituted; their loss precipitates rapid
systemic collapse, multi-organ dysfunction, and postnatal death [90]. This distinction underscores the
evolutionary and clinical significance of these non-redundant receptors, whose preservation is essential for
organismal viability.

Although GRa signaling is essential for survival, its effects are context-dependent. Excessive or
prolonged activation can trigger apoptosis in specific cell types, particularly thymocytes and lymphocytes,
whereas GRa deficiency leads to systemic failure. Physiological homeostasis, therefore, depends on
preserving a balanced range of GRa activity [90, 91].

The distinction between redundant and non-redundant receptor systems offers a crucial framework
for understanding physiological resilience. While most receptors operate within overlapping networks
capable of compensating for partial loss, a select few are uniquely essential—without them, survival
beyond birth becomes impossible. These non-redundant receptors support systemic stability; each handles
vital processes that no other pathway can fully replace. The next section highlights essential non-steroid
receptors, detailing their organ-specific roles and the systemic consequences that result from their absence.

Essential non-steroid receptors for postnatal survival

Among hundreds of receptor systems in the human body, only a small subset of non-steroidal receptors is
truly indispensable for life after birth. Genetic knockout and targeted pharmacological studies consistently
identify several standouts—most notably N-methyl-D-aspartate (NMDA) receptors, receptor-interacting
protein kinase 1 (RIPK1), and 5-HT,C serotonin receptors—whose complete loss precipitates rapid
systemic collapse and early mortality. Each of these receptors performs irreplaceable functions in
maintaining neural excitatory balance, orchestrating immune regulation, and safeguarding metabolic
stability. Their non-redundant status places them among the most vital components of the receptor
network, underscoring the principle that survival depends not on the sheer number of receptors, but on the
unique integrative functions of a select few.

NMDA receptors and neuronal viability

NMDA receptors are among the most clearly defined essential receptors for postnatal survival, playing a
non-substitutable role in neuronal viability and the formation of functional neural circuits. Their activation
governs synaptic plasticity, neuronal differentiation, migration, and the balance between excitatory and
inhibitory connectivity within developing networks. Genetic deletion of the obligatory NMDAR1 subunit in
mice produces widespread thalamic apoptosis and postnatal lethality [92]. Similarly, pharmacologic
blockade of NMDA receptors during late fetal or early neonatal development—using agents such as MK-801
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or phencyclidine—induces extensive apoptotic neurodegeneration, particularly in cortical and limbic
regions [93].

Synaptic NMDA receptor activation supports neuronal viability by initiating transcriptional programs
that upregulate pro-survival genes and suppress apoptotic signaling pathways. This neuroprotective effect
is attributed mainly to receptor localization at synaptic sites. In contrast, activation of extrasynaptic NMDA
receptors triggers neurotoxic cascades linked to excitotoxicity (neuronal injury resulting from excessive
glutamate receptor stimulation and sustained calcium influx), which activate intrinsic cell-death pathways
[94-96].

Disruption of NMDA receptor signaling impairs neuronal differentiation, delays cellular maturation,
and hinders the integration of new neurons into established circuits. These deficits are particularly
pronounced during the maturation of interneurons and the refinement of inhibitory synapses [97-99].
NMDA receptors mediate both ionotropic (ion-flux-dependent) and metabotropic (ion-independent)
signaling, each regulating transcriptional, structural, and metabolic programs essential for neuronal
development and connectivity [100, 101]. The dynamic balance between synaptic and extrasynaptic
receptor activity, therefore, acts as a molecular switch determining whether neurons survive or undergo
degeneration [94, 95].

Beyond their role in synaptic function, NMDA receptors play a crucial part in early brain development,
particularly during neuronal migration and cortical layering, which occurs before synaptogenesis. Their
activity determines the spatial positioning and temporal sequencing of neuronal integration during cortical
development, also known as corticogenesis [102, 103]. Collectively, these findings establish NMDA
receptors as indispensable for postnatal viability by sustaining neuronal survival, guiding developmental
integration, and maintaining excitatory-inhibitory balance.

RIPK1 and immune-epithelial integrity

RIPK1 is a cytoplasmic signaling protein that determines cell fate through a dual functional modality. Its
kinase activity promotes inflammation and programmed cell death, whereas its scaffold function—serving
as a structural platform to assemble and stabilize signaling complexes without initiating cell death—
preserves tissue integrity by preventing inappropriate apoptosis and necroptosis [104, 105].

RIPK1 knockout mice exhibit early postnatal lethality from uncontrolled systemic inflammation, even
in the absence of other death-pathway mediators, underscoring its essential, non-redundant role in
immune and tissue homeostasis [106, 107]. Its regulatory balance is maintained by upstream kinases such
as adenosine monophosphate-activated protein kinase (AMPK) and Unc-51-like kinase 1 (ULK1), which
suppress its pro-death signaling under metabolic stress [108, 109].

RIPK1 also interfaces with central inflammatory signaling hubs—including NF-kB, TANK-binding
kinase 1 (TBK1), and the inflammasome complex—that integrate upstream danger signals and coordinate
downstream inflammatory responses. Dysregulation of RIPK1 within these pathways can disrupt epithelial
barrier function and precipitate rapid, often fatal, systemic inflammation [110, 111]. Collectively, these
findings establish RIPK1 as a survival-critical signaling node whose precise regulation is indispensable for
immune balance and epithelial integrity in postnatal life.

5-HT,C serotonin receptor and seizure susceptibility

The serotonin 5-HT,C receptor (HTR2C) is a non-redundant, survival-critical receptor whose loss leads to
severe neurological consequences. Genetic deletion of HTR2C in mice causes progressive, adult-onset
epilepsy and premature death from seizure activity, with a pronounced male predominance [112]. Although
HTR2C is highly expressed in GABAergic neurons, targeted deletion within these cells does not prevent
seizure onset, indicating that its protective role extends beyond GABAergic circuits and reflects broader
network-level homeostatic mechanisms.

In humans, HTR2C genetic variants are overrepresented in cases of sudden unexpected death in
epilepsy (SUDEP), and may also contribute to susceptibility in male-predominant sudden infant death
syndrome (SIDS), suggesting a sex-dependent neuroprotective function that is critical for postnatal neural
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stability [113]. The indispensable role of HTR2C in suppressing seizures and supporting neurodevelopment
reinforces its classification as a survival-essential receptor required for maintaining postnatal neural
integrity.

Synthesis and implications

These findings emphasize that a small, specific group of non-steroidal receptors—including NMDA
receptors, RIPK1, and the 5-HT,C serotonin receptor—are indispensable for postnatal survival. Their
essentiality arises not from narrow, isolated functions but from their integrated roles in preserving
neuronal viability, maintaining immune-epithelial integrity, and sustaining systemic physiological stability
across multiple organ systems. Disruption of these receptors—whether through genetic deletion or
pharmacologic inhibition—results in severe consequences, including widespread neurodegeneration,
immune and epithelial system failure, or network-level seizure susceptibility, often progressing to rapid
postnatal death despite otherwise intact physiology.

The rare class of non-redundant receptors outlined above—whose loss precipitates catastrophic
postnatal failure—illustrates that survival after birth depends on a small number of molecular systems
positioned at the apex of physiological regulation. Within this context, the GRa emerges as an equally
indispensable integrator, distinguished by a far broader sphere of influence. Unlike NMDA receptors,
RIPK1, or 5-HT,C, whose criticality is anchored mainly to specific domains, such as neuronal viability,
immune-epithelial stability, or seizure prevention, GRa coordinates an extensive, interlinked network
encompassing stress responses, immune regulation, hemostasis, metabolic adaptation, mitochondrial
function, circadian rhythms, neural signaling, and tissue repair. Acting through the glucocorticoid—GRa
system, it fine-tunes homeostatic corrections across all organ systems and circulating cell populations,
ensuring not only immediate survival under acute stress but also long-term physiological stability [6].

GRa as a non-redundant integrator of systemic homeostasis
GRa blockade reveals multisystem fragility

The non-redundant, integrative role of GRa in maintaining systemic homeostasis is most clearly
demonstrated by experimental models and clinical studies involving its pharmacological inhibition. One
such approach involves direct GR blockade using mifepristone(RU-486), a well-characterized antagonist
that competitively inhibits cortisol binding and suppresses receptor-mediated transcription. Structural
studies show that mifepristone induces an antagonist conformation in GRa, favoring corepressor
recruitment over coactivator engagement, thus silencing glucocorticoid-responsive gene expression. This
mechanism explains its therapeutic value in conditions of glucocorticoid excess, such as Cushing’s
syndrome, while simultaneously exposing the system-wide vulnerabilities that arise when GRa is inhibited.

In the central nervous system (CNS), GR antagonism can reverse stress-induced suppression of
neurogenesis, yet prolonged exposure increases the risk of neuronal injury and photoreceptor
degeneration in preclinical models [114-116]. Outside the brain, GR blockade impairs lipid metabolism by
downregulating intestinal lipase expression, underscoring GR’s essential role in digestive and metabolic
homeostasis [117]. Systemically, mifepristone-induced GR inhibition leads to hyperactivation of the HPA
axis, with elevated adrenocorticotropic hormone (ACTH) and cortisol, and increases the risk of adrenal
insufficiency [118-120].

These multisystem disruptions—spanning cardiovascular, immune, metabolic, neuroendocrine,
respiratory, renal, hepatic, musculoskeletal, gastrointestinal, vascular, and neural domains—underscore
GRd’s role as an irreplaceable integrator of homeostasis. Pharmacologic inhibition of GRa exposes the
fragility of interdependent physiological systems, demonstrating that preserving GRa function is critical to
avert systemic collapse, sustain postnatal survival, and maintain long-term physiological stability.

DNA-binding-independent functions support viability

While pharmacological blockade highlights GRa’s role in transcriptional control, genetic loss-of-function
models provide deeper insights into its structural flexibility and functional versatility. These models
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confirm that GRa is indispensable for both stress adaptation and the maintenance of stability across
multiple organ systems. Clinical and experimental studies further link GR disruption to behavioral changes,
fluid and electrolyte imbalance, and impaired inflammatory resolution, reinforcing its status as a non-
redundant survival regulator [121].

Notably, the survival in GRY™ mice—engineered to lack DNA-binding and dimerization capacity—
demonstrates that viability can be sustained through GRa mechanisms independent of GRE-mediated
transcription. These mice remain viable because key non-genomic signaling and transrepression pathways
are preserved. In particular, GRY™ retains the ability to repress pro-inflammatory transcription factors such
as AP-1 and NF-kB through direct protein-protein interactions, even in the absence of GRE binding. Such
non-classical mechanisms are sufficient to avert the lethal phenotype seen in complete GR knockouts,
underscoring GRa'’s foundational role in both individual organ-specific regulation and the coordination of
inter-organ signaling required for systemic homeostasis [122].

Conditional knockout models reveal GRa as a multi-system survival axis

Tissue-specific GR knockout models underscore GRa’s critical and non-redundant role in sustaining
stability both within and between organ systems.

Cardiomyocyte-specific deletion produces severe myocardial hypertrophy, impaired ventricular
function, and early mortality from progressive heart failure, demonstrating GRa’s essential contribution to
cardiovascular resilience under stress [123]. Beyond organ-specific failure, systemic GRa loss triggers
persistent inflammation from impaired immune regulation, mitochondrial dysfunction with reduced ATP
generation, and collapse of neuroendocrine mechanisms that maintain vascular tone—culminating in
hemodynamic instability and multi-organ failure [61, 124].

Hepatic-specific deletion produces marked defects in gluconeogenesis, lipid handling, and insulin
sensitivity—effects that are more severe than those observed in adipose-specific deletion—indicating that
hepatic GRa serves as a primary metabolic control node [125].

In skeletal muscle, GRa deletion prevents glucocorticoid-induced atrophy by blocking MuRF1 and
atrogin-1 activation but disrupts systemic energy balance by impairing protein turnover and shifting
metabolic load to the liver and adipose tissue [126].

Antagonistic MR interplay and tissue-specific modulation

In contrast to the severe phenotypes described in Conditional knockout models reveal GRa as a
multi-system survival axis, cardiomyocyte-specific deletion of the MR does not result in cardiac
dysfunction. Mice lacking MR in the heart maintain normal cardiac structure and function even under
physiological stress [123], indicating that MR is not essential for baseline cardiovascular viability. However,
combined GRa-MR deletion produces less severe cardiac impairment and systemic deterioration than GRa
deletion alone, suggesting that unopposed MR signaling can be maladaptive in the absence of GRa, and that
MR removal can partially buffer these effects [123].

Mechanistic evidence reinforces this antagonistic interplay: MR activation reduces GRa responsiveness
by upregulating FK506-binding protein 5 (FKBP5), a molecular chaperone that restricts GRa’s
transcriptional activity and dampens cardiovascular reactivity [85]. MR and GRa also act cooperatively
across other tissues, including skin and brain, to regulate inflammatory responses. Rather than functioning
interchangeably, they exert distinct yet complementary roles, with combined deletion leading to
exacerbated inflammation and structural abnormalities [127, 128].

Mechanistically, MR and GRa can co-occupy chromatin and influence transcriptional programs;
however, MR more often modulates or attenuates GRa-driven gene expression, primarily through FKBP5
upregulation [83, 85]. Their interaction is best described as modulatory or antagonistic rather than
synergistic. While both receptors contribute to stress adaptation, MR cannot substitute for GRa’s systemic
integrative functions. This distinction is further underscored in mammary epithelial cells, where GRa
signaling supports cell survival, and its withdrawal leads to apoptosis, demonstrating GRa’s context-specific
control over cellular viability [129].
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Glial models extend this understanding to the peripheral nervous system. Although direct GRa deletion
in Schwann cells has not yet been reported, MR knockout in these cells induces compensatory GRa
upregulation, alters the myelin sheath structure and nerve conduction, and highlights GRa’s likely role in
maintaining neuroimmune balance and myelination. These findings reinforce GRa’s capacity to preserve
peripheral nerve integrity when other steroid receptors fail, underscoring its role as a neural survival
safeguard [23].

Functional crosstalk with PPARa and its boundaries

Although GRa is largely a non-redundant systemic integrator, limited functional convergence can occur
through crosstalk with other NRs, most notably PPAR«, extensively studied in hepatic and cardiac tissues.
GRa and PPARa can form heterodimeric complexes—two distinct NRs binding cooperatively to DNA—or
co-regulate target genes via shared enhancer response elements, thereby preserving select functions
related to metabolic regulation and inflammation resolution [130, 131]. Activation of PPARa has been
shown to attenuate glucocorticoid-induced metabolic side effects and enhance the transcriptional
repression of pro-inflammatory genes, reinforcing the concept of context-dependent convergence between
NRs [130].

Additional interactions between GRa and other NRs, such as retinoic acid receptors (RARs) and
estrogen receptor alpha (ERa), have also been reported, potentially modulating GRa-regulated networks
through enhancer competition or cooperative occupancy of chromatin regulatory elements [132]. However,
these interactions remain highly tissue-restricted and cannot reproduce the systemic integrative capacity
that uniquely defines GRa.

Agonism of PPARa provides both anti-inflammatory and metabolic benefits; however, current evidence
does not support its ability to rescue survival or prevent organ failure in GRa-deficient or glucocorticoid-
resistant states. Most protective effects from PPARa activation—such as enhanced cardiac function in
sepsis or suppression of NF-kB-driven cytokines—require intact GRa signaling for full efficacy [85, 133-
135]. In models of erythropoietic stress and systemic inflammation, PPARa and GRa cooperate
synergistically to reinforce transcriptional repression and promote hematopoietic progenitor self-renewal
[130]. This synergy deteriorates when GRa is absent or dysfunctional, and no experimental evidence
indicates that PPAR« agonists alone can restore systemic homeostasis in the absence of GRa. Moreover, in
glucocorticoid-resistant states where GRa signaling is diminished, PPARy—not PPARa—is preferentially
upregulated, further diminishing the plausibility of PPARa as a compensatory survival pathway [136, 137].
Thus, while PPAR«a can assist GRa in maintaining metabolic and immune stability, it cannot substitute for
GRo’s non-redundant roles in stress adaptation, developmental programming, and organismal survival.

In the liver, PPARa activation stimulates fatty acid oxidation and ketogenesis during fasting or
metabolic stress, partially mirroring GRa’s metabolic functions [130, 138]. In polymicrobial sepsis models,
PPARa activation improves cardiac energy metabolism and enhances survival, demonstrating its ability to
promote local tissue resilience [137]. However, despite these functional intersections, PPARa cannot
compensate for GRa’s broader regulatory roles in immune modulation, neuroendocrine coordination, or
developmental programming [134, 135]. Overall, PPARa-mediated compensation is limited, highly context-
dependent, and insufficient to prevent the systemic collapse observed in GRa-deficient states.

Cooperative transcriptional regulation by GRax and PPAR« in hepatic and immune cells depends on the
recruitment of specific chromatin-associated co-regulators—proteins that modify chromatin architecture
or interface with the transcriptional machinery to facilitate or repress gene expression. Among these,
phosphorylated AMP-activated protein kinase (phospho-AMPK) plays a pivotal role. During prolonged
fasting, phospho-AMPK is selectively directed to promoters co-occupied by GRa and PPARq, enabling the
coordinated activation of key metabolic genes. Pharmacologic inhibition of AMPK impairs this
transcriptional synergy, underscoring its role as a molecular switch that governs NR crosstalk [138].

In parallel, chromatin remodelers—enzymatic complexes that restructure DNA-protein interactions to
increase transcription factor accessibility—play key roles in supporting NR activity. Among these, the
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SWI/SNF complex, which uses ATP hydrolysis to remodel nucleosomes and enhance transcriptional
accessibility, is particularly relevant. Its BAF60b/SMARCD2 subunit has been shown to promote PPARa-
driven transcriptional programs in hepatic metabolism and immune cell differentiation [139-141]. Other
chromatin remodelers, such as INO80, which facilitates transcriptional regulation and DNA repair under
stress, and the NuRD complex—a repressive assembly that silences gene activity by removing histone
acetylation marks—may also contribute to NR signaling. However, direct evidence linking INO80 or NuRD
to GRa-PPAR« co-regulation remains limited [142].

These mechanistic insights underscore the conditional and limited scope of PPARa-mediated
compensation. Without the coordinated recruitment of chromatin remodelers and metabolic co-regulators
such as AMPK, the functional synergy between GRa and PPARa cannot be established. Consequently, while
PPARa may enhance GRa activity in specific metabolic or inflammatory contexts, it cannot substitute for
GRa in states of receptor deficiency or glucocorticoid resistance. Clinically, PPARa agonists such as
fenofibrate and bezafibrate are approved for dyslipidemia, but they have not demonstrated therapeutic
efficacy in systemic inflammatory or stress-related disorders. Although PPAR«a activation may support
mitochondrial energy production [143] and modestly reduce inflammation during critical illness [144], it
remains an incomplete and insufficient compensatory pathway.

Essential functions and integrated roles of the MR in stress, immunity, and
homeostasis

To establish a coherent foundation for understanding receptor-specific mechanisms, this section outlines
the complementary and opposing roles of GRa and MR in maintaining systemic and tissue-specific
homeostasis. These two receptors operate in parallel but distinct regulatory domains—GRa orchestrates
systemic integration across immune, metabolic, and vascular systems, whereas MR governs localized
electrolyte and inflammatory balance at the tissue level. Their coordinated activity maintains whole-body
homeostasis under physiological conditions, while their imbalance underlies the dual pathology of systemic
collapse from GRa loss and localized dysfunction driven by MR overactivation.

It is important to note that, while MR overactivation drives inflammatory and fibrotic injury in critical
illness, complete MR deficiency—observed only in experimental or congenital models—also results in
postnatal lethality due to profound electrolyte imbalance and circulatory failure. Thus, pathological
outcomes depend on whether MR signaling is excessive or absent, whereas GRa loss uniformly results in
systemic collapse.

In contrast, within the CNS, the polarity of receptor regulation is reversed. Under baseline conditions,
MR activity predominates, sustaining neuronal excitability, stress resilience, and emotional stability,
whereas GRa is transiently activated during acute stress. Sustained GRa hyperactivation or MR deficiency
in the CNS produces maladaptive neural responses, oxidative stress, and neuronal injury—a tissue-specific
disruption distinct from the systemic pattern of GRa loss and MR overactivation. Accordingly, both GRa and
MR overactivation can lead to pathology, but through distinct mechanisms: MR overactivation drives
vascular inflammation and fibrotic injury in peripheral tissues, whereas GRa overactivation in the CNS
induces neuroinflammatory and excitotoxic responses.

This interplay between systemic GRa signaling and localized MR activity, and their respective
contributions to homeostatic balance and disease, is illustrated in Table 3 [16, 58, 83-87, 145, 146].
Complete loss or severe impairment of GRa or MR signaling leads to early postnatal death due to failure of
essential stress-adaptive, metabolic, and electrolyte-regulatory mechanisms. This lethality underscores the
indispensable role of both receptors in sustaining systemic stability after birth, even though their
pathological manifestations diverge in disease states—GRa loss resulting in systemic collapse and MR
overactivation producing localized inflammation and fibrosis.

Immune collapse: the role of MR in immune competence

Although traditionally studied in the context of electrolyte homeostasis and renal physiology, the MR is now
recognized as a pivotal regulator of immune function. MR is expressed across multiple immune lineages—
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Table 3. Comparative roles of GRa and MR across physiological systems and disease states.

Physiological system

GRo—key functions

MR—key functions

Pathogenic imbalance/Clinical
consequence

Systemic integration

Immune system

Cardiovascular/renal

Metabolic/hepatic

CNS/neuroendocrine

Master regulator of whole-body
homeostasis; coordinates stress
adaptation, metabolism, and
mitochondrial energy production
[58, 83, 84].

Represses excessive
inflammation, promotes
resolution, restores immune
tolerance [83, 85].

Preserves endothelial integrity via
eNOS activation and anti-
inflammatory signaling [83, 86].

Enhances gluconeogenesis under
stress; maintains glucose and
lipid balance [83, 84].

Facilitates stress adaptation,
neuroplasticity, and emotional

Maintains electrolyte and

volume balance;
sustains baseline
vascular tone [16, 86].

Supports macrophage
survival and innate
immune activation [85,
87].

Regulates sodium
retention, blood
pressure, and vascular
reactivity [16, 86].

Modulates insulin
sensitivity and adipose
inflammation [16].

Maintains basal
excitability, circadian

| GRa — systemic inflammation,
mitochondrial failure, and
cardiovascular collapse [83]; 1 MR
— hypertension, vascular
inflammation, fibrosis [16].

| GRa + 1 MR — persistent
inflammation, cytokine excess,
impaired resolution [83, 85].

| GRa — endothelial dysfunction
and vascular leakage [83]; 1 MR —
fibrosis, oxidative stress, and
cardiometabolic injury [16].

| GRa — energy failure and
hypometabolism [83]; 1 MR —
adipose inflammation and insulin
resistance [16].

t GRaor | MR —
neuroinflammation, oxidative stress,

regulation [145, 146]. tone, and
neuroendocrine stability

[146].

Supports perinatal
electrolyte and
circulatory adaptation
[86].

This table compares the complementary and opposing actions of GRa and MR across major physiological systems. GRa
functions as the master integrator of whole-body homeostasis, coordinating metabolic, vascular, immune, and neuroendocrine
responses required for stress adaptation and survival. MR primarily maintains electrolyte balance, vascular tone, and tissue-
specific homeostasis. Loss of GRa results in multisystem failure, characterized by metabolic and immune collapse, whereas MR
loss causes localized salt-wasting and vascular inflammation. Their imbalance underlies many critical-iliness phenotypes, where
GRa deficiency leads to systemic collapse and MR overactivation promotes inflammation and fibrosis. GRa: glucocorticoid
receptor alpha; MR: mineralocorticoid receptor; eNOS: endothelial nitric oxide synthase; CNS: central nervous system. 1:
increased; |: decreased; —: leads to/results in.

excitotoxicity [145, 146].

Developmental/survival Required for postnatal viability;
integrates transcriptional and
non-genomic responses essential

for stress tolerance [83, 145].

Deletion of either — postnatal death
(GRa = systemic failure; MR = salt-
wasting collapse) [83, 86].

including macrophages, monocytes, T cells, and B cells—where it modulates cellular phenotype, activation
thresholds, and cytokine production. In macrophages, MR activation promotes polarization toward the pro-
inflammatory M1 phenotype, enhancing pathogen clearance and reinforcing the innate immune response
under stress. In T lymphocytes, MR signaling promotes differentiation into Th1 and Th17 effector subsets
while inhibiting the development and function of regulatory T cells (Tregs). This dual effect amplifies
systemic inflammation and reduces immune tolerance, particularly in chronic inflammation or
autoimmunity.

Loss or pharmacologic inhibition of MR profoundly disrupts these immune dynamics. MR deletion
impairs macrophage survival and their ability to establish and maintain tissue residency—the process by
which immune cells localize within specific organs and persist in a functional state—leading to increased
apoptosis and defective myeloid lineage differentiation [147]. These alterations weaken innate immune
defenses, delay recovery from infection or injury, and impair emergency myelopoiesis during systemic
inflammation.

Furthermore, MR blockade decreases monocyte recruitment and reshapes the cytokine signaling
landscape—typically suppressing pro-inflammatory mediators such as IL-6 and TNF-a while enhancing
anti-inflammatory cytokines like IL-10. This shift drives macrophages and T cells toward anti-inflammatory
phenotypes—thereby limiting tissue injury in experimental models of cardiovascular, renal, and
autoimmune disease [8, 16, 147].

In disease contexts, MR overactivation acts as a potent driver of chronic inflammation and progressive
immune-mediated tissue injury. In cardiovascular tissues, excessive MR signaling amplifies inflammatory
cascades, promotes collagen deposition, and accelerates fibrotic remodeling, thereby contributing to the
pathogenesis of atherosclerosis, vascular stiffness, and heart failure [148, 149]. Similarly, in renal tissues,
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MR activation induces macrophage-driven inflammation and fibrosis, exacerbating chronic kidney disease.
Conversely, MR antagonism mitigates these pathological effects, preserving tissue architecture and organ
function [16, 150]. Pharmacologic inhibition of MR not only reduces immune cell infiltration and
suppresses pro-inflammatory cytokine production in both vascular and renal tissues, but also highlights its
therapeutic potential in chronic inflammatory conditions [16, 147].

Together, these findings position MR as a critical immunomodulatory receptor, essential for
maintaining immune homeostasis and directly implicated in the progression of chronic inflammatory
disease. MR’s indispensable roles in macrophage survival, T cell polarization, and cytokine regulation
establish it as a central integrator of hormonal and immune signaling. These functions underscore MR’s
translational relevance as a therapeutic target in autoimmune, cardiovascular, and renal diseases, where
selective antagonism may restore immune balance without disrupting systemic homeostasis.

Disruption of cardiometabolic homeostasis

The MR plays a pivotal role in maintaining cardiovascular and metabolic homeostasis. Beyond its classical
role in renal sodium reabsorption, MR influences vascular tone, cardiac remodeling, insulin sensitivity, and
adipose tissue metabolism. Pathological MR overactivation—arising from hormonal excess, metabolic
stress, or aging—drives inflammation, oxidative stress, and extracellular matrix (ECM) remodeling, thereby
linking endocrine dysregulation to the pathogenesis of cardiometabolic disease.

MR is expressed in vascular smooth muscle cells, endothelial cells, and cardiomyocytes. In the
vasculature, excessive MR activation impairs endothelial function by reducing nitric oxide bioavailability,
increasing vasoconstriction, and promoting arterial stiffness. Under conditions of metabolic stress or aging,
these effects culminate in progressive endothelial dysfunction and adverse vascular remodeling,
accelerating the development of hypertension, heart failure, and atherosclerosis [150-152].

In the myocardium, MR signaling induces pro-inflammatory cytokine production, collagen deposition,
and cardiomyocyte hypertrophy—processes that drive the progression of heart failure, myocardial
infarction, arrhythmias, and structural heart disease [151, 153, 154]. In parallel, MR overactivation
amplifies oxidative damage and ECM accumulation, promoting valvular dysfunction and atherosclerotic
plaque formation [155, 156].

These integrated vascular and myocardial effects position MR as both a hormonal effector and a
pathogenic amplifier in cardiometabolic disease. Accordingly, MR antagonists have demonstrated clear
clinical benefits in heart failure with preserved ejection fraction, resistant hypertension, and diabetic
cardiomyopathy [157].

MR is also expressed in adipose tissue, where it regulates adipocyte differentiation, lipid storage, and
glucose metabolism. Pathological MR overactivation promotes visceral fat accumulation, insulin resistance,
and secretion of a pro-inflammatory adipokine profile, creating a feed-forward loop that amplifies
metabolic syndrome [158-160]. This chronic inflammatory milieu fosters the development of obesity,
glucose intolerance, and dyslipidemia, further destabilizing metabolic homeostasis.

Pharmacological MR antagonists such as eplerenone and spironolactone attenuate vascular and cardiac
fibrosis, improve insulin sensitivity, and lower blood pressure. These agents are clinically effective in the
treatment of hypertension, heart failure, obesity, and type 2 diabetes. However, their broader application is
limited by the risk of hyperkalemia, particularly in elderly patients or those with renal impairment [153,
160].

In conclusion, MR overactivation disrupts cardiometabolic homeostasis by promoting inflammation,
fibrosis, and metabolic dysfunction across vascular, cardiac, and adipose tissues. While MR antagonists
provide clinically significant therapeutic benefit, their use requires careful risk-benefit assessment,
especially in vulnerable populations.

GR-MR interdependence: a unified axis of stress regulation and survival

The GR and MR form a conserved hormonal signaling axis that is essential for stress adaptation, metabolic
stability, and immune regulation across vertebrate species [161, 162]. While GRa is widely recognized for

Explor Endocr Metab Dis. 2025;2:101451 | https://doi.org/10.37349/eemd.2025.101451 Page 17



its pleiotropic immunoregulatory and homeostatic functions, MR is increasingly recognized for its
expanded roles beyond classical electrolyte balance.

Under physiological conditions, GRa orchestrates both innate and adaptive immunity by regulating
immune cell development, trafficking, apoptosis, and cytokine production. This coordinated regulation
ensures effective immune surveillance while preventing excessive inflammation through context-
dependent transcriptional control. In parallel, MR—initially characterized for its role in electrolyte and
fluid homeostasis—has emerged as a key modulator of immune activation pathways. It promotes
macrophage polarization toward a pro-inflammatory M1 phenotype, enhances Th1l and Th17
differentiation, and modulates monocyte survival and activation thresholds.

Rather than acting independently, GRax and MR function as a coordinated endocrine-immune axis
integrating hormonal signals with immunological responses. Through their interplay, they sustain immune
vigilance during stress while preventing maladaptive overactivation that leads to autoimmunity, tissue
injury, and loss of homeostatic control. This dual-regulator system represents an evolutionarily conserved
survival mechanism in which GRa and MR act as molecular gatekeepers, finely balancing immune activation
and resolution to preserve systemic integrity under environmental or physiological stressors.

The preservation of cellular and systemic homeostasis depends critically on the functional integrity of
corticosteroid receptors, particularly GRa and MR. As ligand-activated nuclear transcription factors, both
govern essential genomic programs in response to glucocorticoids and mineralocorticoids, orchestrating
survival-critical processes that maintain metabolic balance, immune regulation, and cardiovascular
stability. Evidence from animal models and molecular studies consistently demonstrates that the complete
loss or severe impairment of GRa or MR signaling results in early postnatal death from collapse of
physiological homeostasis. This systemic failure initiates a cascade of secondary disruptions involving
neuronal integrity, immune competence, hemodynamic regulation, and metabolic control [7].

Beyond their overlapping roles in immune and metabolic regulation, GRa and MR also coordinate
behavioral and neuroendocrine responses to stress. MR, with its high affinity for glucocorticoids, is
predominantly engaged under basal conditions, supporting memory retrieval, threat evaluation, and initial
coping responses. In contrast, GRa is activated during peak stress to facilitate recovery, mobilize energy,
and consolidate memory. This dynamic MR-GR “switch” forms the basis for adaptive stress regulation and is
essential for preserving physiological resilience [163, 164].

Antagonistic and sequential regulation in the brain

Extensive evidence demonstrates that GRa promotes pro-apoptotic signaling under stress while MR
supports anti-apoptotic and neurogenic pathways under basal glucocorticoid levels, highlighting their
opposing influences on neuronal survival [165-168].

A finely tuned balance between GRa and MR signaling is essential for preserving hippocampal
architecture, synaptic plasticity, and overall stress adaptability. Disruption or deficiency of either receptor
disturbs this homeostatic equilibrium, heightening vulnerability to excitotoxic injury and accelerating
neurodegeneration [169]. At the molecular level, both receptors act through integrated genomic and non-
genomic mechanisms that enable rapid and sustained modulation of neuronal function.

Significantly, MR signaling enhances expression of FKBP5, a co-chaperone that locally restrains GRa
hyperactivation within the hippocampus. This buffering mechanism preserves synaptic integrity and limits
stress-induced neuronal injury [85]. Disruption of this MR-GRa regulatory axis—whether from chronic
stress exposure or genetic polymorphisms—compromises stress resilience and increases susceptibility to
affective and neuropsychiatric disorders [170, 171].

These receptors also operate in a coordinated temporal sequence during stress. MR is activated first,
guiding threat appraisal and the immediate behavioral response, while GRa becomes dominant later,
supporting physiological recovery and the consolidation of emotional memory. Disruption of this sequential
coordination—through chronic GRa dominance or insufficient MR signaling—impairs emotional regulation
and weakens cognitive resilience [163, 170].
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From an evolutionary perspective, GRa-mediated neuronal apoptosis may represent an adaptive
mechanism that removes irreversibly damaged or energetically inefficient neurons under extreme stress.
This selective pruning supports neural circuit remodeling, conserves systemic energy balance, and prevents
excitotoxic overload. Emerging evidence indicates that neurons can exhibit transient, reversible apoptotic
signaling (“apoptotic pulses”), allowing cell survival and functional recovery if the stressor is resolved
promptly. Such dynamic interplay between apoptosis, microglial remodeling, and transcriptional

adaptation balances acute cellular sacrifice with long-term resilience in stress-sensitive brain regions [172,
173].

Aging and genetic modulation of GRa-MR signaling

A growing body of evidence demonstrates that GRa and MR function as an integrated regulatory system
across the brain and peripheral tissues, shaping stress responsiveness, neuronal survival, and long-term
homeostatic stability [83, 84, 145, 146]. MR also contributes to neuronal protection by modulating GRa
sensitivity via FKBP5 regulation, a mechanism that limits stress-induced transcriptional overload and helps
preserve neuronal plasticity throughout aging [85]. Together, these findings support a model in which GRa
and MR operate as a coordinated regulatory axis, with stress resilience and neuroendocrine homeostasis
depending on their balanced interplay rather than the dominance of either receptor.

Age-related shifts in GRa and MR expression profoundly influence neuronal sensitivity and plasticity,
particularly within neural precursor cell populations. These molecular changes reshape stress
responsiveness, adult neurogenesis, and synaptic remodeling throughout the lifespan. Polymorphisms in
the GRa and MR genes (NR3C1 and NR3C2, respectively) further modulate this regulatory axis, with certain
variants reducing receptor sensitivity or altering expression patterns in the hippocampus and prefrontal
cortex. Such genetic differences are associated with dysregulated HPA axis activity and increased
vulnerability to depression, post-traumatic stress disorder (PTSD), and cognitive decline, particularly in
individuals exposed to early-life adversity or exhibiting sex-specific susceptibility [174-176].

Variants that disrupt GRa or MR signaling contribute to maladaptive neuroendocrine responses and
reduced nervous system plasticity [168, 171]. Together, these findings underscore that both developmental
timing and genetic background shape corticosteroid signaling, confirming the central role of GRax and MR as
lifelong modulators of neurobiological adaptation and stress resilience.

Corticosteroid receptors in the nervous system and systemic vulnerability
Systemic homeostasis and postnatal survival: the essential role of GRa and MR

Complete loss or severe impairment of GRa or MR signaling results in early postnatal death due to the
failure of essential stress-adaptive, metabolic, and electrolyte-regulatory mechanisms. This developmental
lethality underscores the indispensable role of both receptors in sustaining systemic stability after birth,
even though their patterns of dysregulation (GRa loss versus MR overactivation) diverge in disease states.
Systemic receptor failure initiates a cascade of disruptions affecting neuronal integrity, immune
competence, vascular regulation, and metabolic control. GRa-deficient mice exhibit profound perinatal
lethality, primarily due to impaired lung maturation and dysregulation of the HPA axis [90, 177]. These
animals also display adrenal cortical hypoplasia, reduced steroidogenic enzyme expression, and impaired
hepatic gluconeogenesis—culminating in adrenal insufficiency and life-threatening hypoglycemia [90, 178].
The convergence of respiratory immaturity, hormonal imbalance, and metabolic instability leads to death
within hours of birth [90].

MR-deficient mice exhibit severe postnatal electrolyte dysregulation, characterized by life-threatening
sodium and water loss that culminates in dehydration and cardiovascular collapse within the first two
weeks of life [179-181]. Although fetal development proceeds normally, these animals present during the
first postnatal week with features analogous to pseudo-hypoaldosteronism—marked by hyponatremia,
hyperkalemia, growth failure, and markedly elevated plasma renin activity [179, 180]. Mechanistically, the
absence of MR impairs epithelial sodium channel (ENaC) function in both the kidney and colon, leading to
an approximately eight-fold increase in urinary sodium excretion [179]. Without intervention, such as
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sodium supplementation, this dysregulation rapidly progresses to hypovolemia and early cardiovascular
failure [180].

GRa and MR regulation of neuronal vulnerability and resilience

GRa and MR exert complementary—yet often opposing—influences on neuronal fate, particularly within
stress-sensitive brain regions, such as the hippocampus. During stress, GRa activation promotes neuronal
vulnerability by upregulating pro-apoptotic mediators, such as B-cell lymphoma 2 (Bcl-2)-associated X
protein (Bax) and tumor suppressor p53, while downregulating anti-apoptotic proteins, including Bcl-2 and
Bcl-2-like protein 1 (BCL2L1) [165, 166]. In contrast, MR activation enhances neuronal resilience by
inducing anti-apoptotic gene expression, maintaining neuronal excitability, and promoting adult
neurogenesis, even under basal glucocorticoid concentrations [167, 168]. These neuroprotective effects are
most pronounced in the dentate gyrus and CA1 regions of the hippocampus, where MR signaling preserves
synaptic architecture and supports adaptive behavior.

While MR confers neuroprotection under baseline conditions, it also modulates GRa responsiveness to
excitotoxic and oxidative stress [169]. Specifically, MR-induced FKBP5 expression buffers GRa activity
during cellular stress, preserving neuronal integrity and reducing damage vulnerability in stress-sensitive
hippocampal circuits [85].

GRa and MR also operate in a temporally coordinated sequence during stress responses: MR governs
the initial threat appraisal and facilitates behavioral adaptation, whereas GRa predominates during the
recovery phase, promoting systemic recalibration and emotional memory consolidation. Disruption of this
sequential coordination, whether through chronic GRa overactivation or MR deficiency, impairs emotional
regulation and weakens cognitive resilience [163, 182].

Age-dependent regulation and genetic variability in corticosteroid receptor signaling

Emerging research highlights the functional interdependence of GRa and MR across diverse tissues. MR
activity predominates under baseline conditions, sustaining neuronal excitability and promoting anti-
apoptotic gene expression, whereas GRa becomes dominant during stress, coordinating recovery and
systemic adaptation [83, 145]. This reciprocal pattern acts as a dynamic regulatory switch that allows the
brain to alternate between stability and adaptation in response to changing physiological demands.
Disruption of this balance, through chronic GRa overactivation or MR deficiency, increases vulnerability to
stress-related disorders, including anxiety, depression, and hippocampal atrophy [84, 146].

Moreover, MR indirectly modulates GRa activity via regulation of FKBP5, a molecular chaperone that
constrains GRa signaling and limits transcriptional overactivation during stress [85]. The MR-FKBP5-GRa
axis serves as a molecular safeguard that buffers against maladaptive gene expression responses during
prolonged or repeated glucocorticoid exposure. In parallel, GRa and MR jointly regulate mitochondrial
function and oxidative metabolism, ensuring adequate energy availability for both neuronal and systemic
demands during stress. Collectively, these findings support a model in which GRa and MR operate as a
coordinated regulatory network, with balanced receptor interplay—rather than dominance—governing
stress resilience and neuroendocrine homeostasis.

Ultimately, age-related changes in GRa and MR expression profoundly influence neuronal sensitivity,
particularly within neural precursor cell populations. With advancing age, GRa expression generally
increases while MR expression declines across multiple brain regions, shifting the GRa/MR ratio and
heightening neuronal susceptibility to glucocorticoid-induced injury. These receptor shifts modulate critical
neurophysiological processes—including stress responsiveness, adult neurogenesis, and synaptic
integration—throughout the aging trajectory. Additionally, polymorphic variants in the genes encoding
GRa (NR3C1) and MR (NR3CZ2) contribute to individual differences in stress vulnerability, neuropsychiatric
risk, and broader neurobiological instability [168, 171].

Together, these findings underscore that the resilience or failure of neural and systemic functions is
tightly governed by the balance and adaptability of GRa and MR signaling. While age, genetic background,
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and receptor imbalance heighten vulnerability to neurodegeneration and cognitive decline, growing
evidence also links corticosteroid receptor dysfunction to marked immune disturbances.

Loss of MR signaling and the breakdown of immune homeostasis

Loss of MR signaling profoundly disrupts the endocrine-immune integration required to sustain systemic
homeostasis. Once regarded primarily as a regulator of renal electrolyte balance, MR is now recognized as a
pivotal mediator of immune competence and tissue stability. Deficiency or dysfunction of MR alters
inflammatory tone, macrophage polarization, and cytokine balance, weakening host defense and promoting
chronic inflammation. This section examines how impaired MR signaling compromises immune regulation
and contributes to the breakdown of systemic homeostatic control.

GRa and MR as immune regulators

GRa is widely recognized for its multifaceted role in immune regulation, functioning as both a modulator
and, under certain conditions, a suppressor of immune activity. Under physiological conditions, GRa
maintains immune homeostasis by regulating the development, trafficking, apoptosis, and cytokine
production of both innate and adaptive immune cells.

Traditionally associated with renal sodium retention, MR has now emerged as a critical
immunoregulatory receptor. It influences the differentiation, activation, and survival of immune cells,
particularly macrophages and T lymphocytes, and plays a central role in orchestrating inflammatory
responses. For instance, MR activation in macrophages promotes a pro-inflammatory M1 phenotype, while
its absence favors differentiation toward an anti-inflammatory M2 phenotype [59, 183-185].

Together, GRa and MR act as hormonal gatekeepers of the immune system, integrating endocrine
signals with immune signaling. Their coordinated actions govern the magnitude and duration of
inflammatory responses in key tissues such as the brain, gut, and vasculature—linking the systemic stress
response to the preservation or disruption of immune homeostasis. To contextualize their overlapping yet
distinct contributions to immune regulation, Table 4 presents a comparative summary of their systemic
functions and the physiological consequences of receptor loss [16, 83-87, 145, 146]. These findings
emphasize MR’s essential role in coupling endocrine signaling with immune surveillance, inflammatory
regulation, and tissue repair.

Table 4. Distinct and overlapping functions of GRa and MR: systemic roles and consequences of loss.

GRa—key functions and consequences* MR—key functions and consequences
Regulates the function of all organs and circulating immune/non- Sodium and electrolyte homeostasis, including
immune cells; master regulator of homeostasis and homeostatic potassium balance and acid-base regulation [87].

corrections [10, 83].

Coordinates stress adaptation, metabolism, and mitochondrial function; Blood pressure and vascular tone regulation [16, 86].
maintains glucose availability under stress [83, 84].

Controls immune responses, inflammation resolution, and barrier Macrophage survival and innate immunity [85].
integrity; protects vascular endothelium via eNOS activation and anti-
inflammatory signaling [83, 85].

Supports neurodevelopment and brain resilience [145]. Inflammatory regulation and FKBP5 buffering [85].
Integrates systemic communication: vascular, neural, lymphatic; first- Neuroendocrine modulation under stress [146].
line responder to physiological stress [10, 83].

Orchestrates transcriptional and non-genomic signaling responses Loss leads to salt-wasting, vascular inflammation,
essential for survival during stress [83]. and localized immune collapse [86].

Loss causes multisystem failure: including neuronal apoptosis, immune Does not compensate for GRa in systemic
collapse, metabolic breakdown [83, 145]. regulation; deletion results in regional—not global—
physiological failure [86].

*: GRa is the only receptor proven essential for postnatal survival, serving as a master integrator of systemic homeostasis. It
coordinates cross-organ communication, linking metabolic, immune, mitochondrial, neurodevelopmental, and
vascular—neural-lymphatic functions through both transcriptional and rapid non-genomic pathways. MR, by contrast, governs
more localized processes—such as electrolyte balance, vascular tone, and innate immune activity—that, while vital, cannot
substitute for GRa’s system-wide regulatory role. The table compares their distinct and shared functions, outlining the
consequences of receptor loss, including multisystem failure with GRa deletion versus compartmentalized dysfunction with MR
deletion. GRa: glucocorticoid receptor alpha; MR: mineralocorticoid receptor; eNOS: endothelial nitric oxide synthase; FKBP5:
FK506 binding protein 5.
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Cellular effects of MR signaling in immune homeostasis

Building on the immunomodulatory roles outlined in Immune collapse: the role of MR in immune
competence and GR-MR interdependence: a unified axis of stress regulation and survival, this section
examines additional mechanistic layers that define how MR influences immune cell function under both
physiological and pathological conditions. In immune populations—including macrophages, monocytes, T
cells, and B lymphocytes—MR signaling exerts cell type-specific regulatory effects that shape local tissue
inflammation and systemic immune balance. In macrophages, MR signaling not only encourages
polarization toward a pro-inflammatory M1 phenotype but also regulates downstream effector pathways,
including oxidative burst capacity, inflammasome activation, and matrix-remodeling enzyme production—
thereby amplifying innate immune responses [86, 148]. In T lymphocytes, MR extends its influence beyond
Th1 and Th17 differentiation by modulating immunometabolic reprogramming. It promotes glycolysis-
dependent proliferation and cytokine production, sustaining effector function during inflammatory
challenges [16, 86].

Loss or pharmacologic blockade of MR disrupts these transcriptional and metabolic programs, leading
to dysregulated immune responses, impaired pathogen clearance, and increased tissue injury in organ
systems such as the kidney, vasculature, and heart [16, 150]. Collectively, these findings position MR as a
context-dependent amplifier of immune activation, dynamically coordinating innate and adaptive
responses to preserve immune homeostasis under stress and disease conditions.

MR overactivation in disease: a pathway to chronic inflammation

Building on earlier discussions (Immune collapse: the role of MR in immune competence and GR-MR
interdependence: a unified axis of stress regulation and survival), pathological MR overactivation functions
as a systemic inflammatory amplifier, driving disease progression across cardiovascular, renal, and immune
systems. The same receptor that supports immune competence under normal conditions becomes
maladaptive in chronic disease states—driving tissue injury, ECM accumulation, and immune
dysregulation.

In cardiovascular tissues, excessive MR signaling enhances pro-inflammatory cascades, stimulates
collagen synthesis, and accelerates fibrotic remodeling—contributing to the pathogenesis of
atherosclerosis, vascular stiffness, and heart failure [148, 149, 186, 187]. In renal tissues, sustained MR
activation triggers macrophage-driven inflammation and fibrosis, exacerbating chronic kidney disease and
impairing repair mechanisms [16, 86, 150, 188]. Pharmacologic MR antagonism mitigates these
pathological processes by reducing immune cell infiltration, suppressing cytokine production, and
preserving tissue structure and function [151, 189]. Besides damaging individual organs, overactive MR
signaling disrupts immune equilibrium by driving macrophage polarization toward the pro-inflammatory
M1 state and away from the anti-inflammatory M2 phenotype, while simultaneously promoting T helper
cell differentiation into Th1 and Th17 lineages. This sustained pro-inflammatory bias propagates chronic
inflammation and diminishes the immune system’s capacity to tolerate harmless stimuli or achieve
resolution [184].

Collectively, these findings underscore the growing clinical relevance of MR antagonists in
cardiovascular, renal, and inflammatory diseases. Their capacity to suppress inflammation, limit ECM
accumulation, and preserve tissue architecture highlights the translational importance of therapeutically
targeting the MR axis [150].

Cardiometabolic consequences of MR dysregulation

As discussed in Loss of MR signaling and the breakdown of immune homeostasis, MR overactivation
contributes to cardiovascular and renal inflammation. This section expands this framework to encompass
the broader cardiometabolic network, showing how persistent MR dysregulation drives systemic metabolic
decline. Under physiological conditions, MR coordinates vascular tone, fluid balance, and energy
metabolism. However, with aging, metabolic stress, or hormonal excess, its signaling shifts from adaptive to
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pathogenic—linking vascular inflammation, myocardial remodeling, and adipose tissue dysfunction into a
unified process of cardiometabolic deterioration.

MR overactivation and cardiometabolic decline

As expanded from Disruption of cardiometabolic homeostasis and MR overactivation in disease: a pathway
to chronic inflammation, sustained MR overactivation contributes to cardiovascular and metabolic
pathology through converging mechanisms that include endothelial dysfunction, myocardial fibrosis, and
chronic inflammation. These maladaptive pathways intensify with aging and persistent metabolic stress,
positioning MR as a central driver of progressive cardiometabolic decline [150, 151].

Beyond its vascular and myocardial effects, MR exerts a far-reaching influence on metabolic tissues. In
adipose depots, excessive MR signaling promotes visceral fat accumulation, reduces insulin sensitivity, and
alters adipokine secretion—particularly through dysregulation of leptin and resistin—thereby amplifying
systemic metabolic dysfunction [158, 159]. In parallel, MR-driven oxidative stress and ECM deposition
accelerate atherogenesis, valvular stiffening, and calcification [155, 156].

In contrast, MR antagonists have been shown to lower blood pressure, reduce cardiac fibrosis, and
improve glycemic control—underscoring their therapeutic value in the integrated management of
cardiovascular and metabolic disease [150, 151].

Receptor diversity and functional crosstalk in glucocorticoid signaling

As outlined in Cardiometabolic consequences of MR dysregulation, MR overactivation highlights how
disruption of a single corticosteroid receptor can propagate inflammation and oxidative injury across
cardiovascular, metabolic, and immune systems. Extending this systems perspective, this section explores
receptor diversity and functional crosstalk within the glucocorticoid signaling network, focusing on GRa’s
uniquely non-redundant role in maintaining systemic adaptation and survival.

Phenotypic evidence for GRa non-redundancy

The NR superfamily regulates a wide range of essential physiological processes, including metabolism,
immunity, development, and stress adaptation. Within this family, GRa is uniquely indispensable. Unlike
other NRs—such as PPARy, RAR, and ERa—GRa orchestrates an integrative response across immune,
metabolic, and neural systems, ensuring dynamic homeostatic correction during physiological stress. No
other receptors can substitute for this systemic role.

Phenotypic studies in knockout models confirm this non-redundancy. Complete GRa deletion produces
perinatal lethality and multisystem failure, characterized by neuronal apoptosis, immune collapse,
hypoglycemia, and cardiovascular dysfunction [130, 132, 135, 190]. In contrast, deletion of other NRs
results in tissue-specific deficits or phenotypes that can be compensated for through alternative
developmental pathways. Even NRs with partial transcriptional overlap fail to restore systemic equilibrium
in the absence of GRa.

GRa therefore functions as a regulatory keystone—more than a single effector, it is the integrator of
organismal survival and systemic stability. Its loss precipitates a cascade of interdependent failures across
neural, immune, metabolic, and vascular systems, culminating in systemic collapse.

Functional asymmetry within nuclear receptor networks

Mapping the NR landscape reveals a central organizing principle: systemic regulation depends on
functional hierarchy rather than redundancy. Although GRa engages in extensive crosstalk with other NRs,
none can replicate its integrative control under physiological stress or immune activation.

Receptors such as PPARa and ERa may modulate subsets of GRa-responsive genes; however, they lack
the rapid activation kinetics, breadth of transcriptional targets, and across-tissues versatility that define
GRa. Through both genomic and non-genomic signaling, GRa coordinates immune, metabolic, and vascular
responses within minutes of glucocorticoid exposure. In vivo, loss of any other single NR fails to reproduce
the systemic collapse and multi-organ failure observed with GRa deficiency [130, 132, 135, 190]. Thus,
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while NR crosstalk adds regulatory nuance and fine-tuning, GRa remains the central integrator that imparts
coherence, hierarchy, and directionality to the entire NR network.

Mechanisms of nuclear receptor crosstalk: non-redundancy of GRa

NR crosstalk expands transcriptional flexibility through mechanisms such as heterodimerization (the
pairing of two different receptors that bind DNA together to regulate shared target genes), cofactor
competition, and reciprocal transcriptional modulation (where receptors mutually enhance or suppress
each other’s gene expression depending on context). However, these interactions do not create functional
redundancy for GRa, whose systemic regulatory roles remain distinct and irreplaceable.

GRa forms heterodimers with partners such as PPARy and LXRs, thereby broadening its transcriptional
reach but not diminishing its centrality. These heterodimers depend on GRa for activation, not the reverse
[131, 191]. Likewise, GRa can cross-regulate other NRs, including PPARy and ERa, but this influence is
largely unidirectional: loss of GRa disrupts multiple physiological systems, whereas loss of other NRs does
not produce a comparable systemic collapse [192, 193].

GRa also competes for shared coregulators such as RXR and common coactivators (e.g., PPARs, thyroid
hormone receptors), typically dominating these interactions during stress-induced transcription [194,
195]. Even under pharmacologic stimulation, PPAR agonists fail to rescue immune or metabolic dysfunction
in GRa-deficient models, further underscoring its non-substitutable role [131, 196].

In summary, although NR crosstalk refines transcriptional networks, it does not establish redundancy.
GRa remains uniquely indispensable—the central coordinator of systemic homeostasis and stress
resilience.

Non-genomic actions of GRa in rapid stress and immune adaptation

Building on Receptor diversity and functional crosstalk in glucocorticoid signaling, which examined the
diversity and crosstalk of NRs in genomic regulation, this section shifts focus to the rapid, non-genomic
actions of GRa that complement its transcriptional control. While genomic signaling orchestrates long-term
homeostatic adjustments, non-genomic GRax mechanisms provide immediate physiological stabilization
during acute stress. These actions, triggered within seconds to minutes of glucocorticoid exposure, arise
from membrane-associated, cytoplasmic, and mitochondrial GRa pools that modulate vascular tone,
mitochondrial energy flux, and inflammatory signaling. Together, these rapid responses bridge the
temporal gap between acute stress adaptation and slower genomic regulation, ensuring system integrity
when rapid restoration of homeostasis is most critical.

Beyond transcription: overview of non-genomic GRa functions

Although GRa is traditionally recognized for its role in genomic regulation as a nuclear transcription factor,
accumulating evidence highlights its essential non-genomic functions, particularly during acute
physiological stress. These rapid actions occur within minutes of ligand binding and are mediated through
cytoplasmic, mitochondrial, and membrane-associated pathways, entirely independent of direct gene
transcription [6]. Through these mechanisms, GRa can rapidly modulate immune cell activity, glucose
metabolism, and mitochondrial function—processes critical for sustaining the body’s immediate response
to stress or injury.

Such non-genomic pathways are particularly significant in critical illness, where rapid correction of
immune and metabolic imbalances can determine survival outcomes. Impaired GRa activity—often
worsened by energy depletion, oxidative stress, and micronutrient deficiencies—has been strongly linked
to a poorer clinical prognosis. Conversely, therapeutic strategies that enhance GRa signaling and restore
metabolic reserves may improve outcomes in critically ill patients [6]. Collectively, non-genomic GRa
signaling forms as a cornerstone of early physiological adaptation, orchestrating rapid responses during
acute stress, immune activation, and metabolic disruption. The specific cellular mechanisms underlying
these responses—including immune redistribution, glucose mobilization, and mitochondrial stabilization—
are examined in detail in Multisystem deployment: immune, metabolic, and mitochondrial stabilization.
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Multisystem deployment: immune, metabolic, and mitochondrial stabilization

Beyond its transcription-independent activation, GRa plays a central role in coordinating immune
redistribution and metabolic resource allocation during the early phases of stress. Within minutes of
glucocorticoid exposure, GRa rapidly directs immune cell trafficking to sites of injury or infection and
stimulates glucose mobilization—facilitating tissue readiness without reliance on genomic signaling [197].
These rapid adaptations enhance frontline defense capacity while reallocating energy resources to meet
acute physiological demands.

Concurrently, GRa localizes to mitochondrial membranes, where it preserves membrane potential,
regulates calcium buffering, and prevents opening of the mitochondrial permeability transition pore
(mPTP), a critical trigger of apoptosis [198]. By stabilizing mitochondrial function, GRa sustains ATP
production, limits oxidative stress, and protects metabolically active tissues from collapse. Together, these
non-genomic GRa mechanisms deliver immediate multisystem resilience, linking endocrine stress signals
to cellular survival pathways, and bridging the transition from acute response to longer-term genomic
regulation [197].

Neuroendocrine and vascular adaptation under acute stress

In the CNS, GRa extends beyond the nucleus, localizing to synapses, the cytoplasm, and plasma membranes
of both neurons and astrocytes. This strategic distribution enables rapid non-genomic signaling that
modulates glutamatergic transmission, receptor trafficking, and neuronal excitability through kinase
pathways, such as MAPK and PI3K/Akt. These fast-acting mechanisms shape acute behavioral responses to
stress and facilitate neuroplastic adaptation within stress-reactive circuits [199, 200].

Concurrently, GRa exerts critical non-genomic effects on vascular adaptation, particularly during
systemic inflammation. It activates endothelial nitric oxide synthase (eNOS), increases nitric oxide
bioavailability, reduces leukocyte-endothelial adhesion, and preserves endothelial barrier integrity. These
actions support perfusion and limit inflammatory injury in critically ill patients [124]. In summary, GRa’s
non-genomic actions in the nervous and vascular systems act in concert to preserve neural function,
maintain perfusion, and protect vascular integrity—ensuring coordinated systemic adaptation during acute
stress (Table 5).

Table 5. Phases of non-genomic corticosteroid action.

Phase Mechanism/Target Time scale Key features
Immediate membrane Interaction with membrane components, aquaporins Seconds—minutes Rapid ion/signaling
effects [201, 202, 205]. (AQPs), or membrane-associated GRa/MR changes

Secondary intracellular PI3K/Akt, Ca*" pathways; caveolin-1 scaffolding Minutes Non-transcriptional
[201, 203]. signaling
Integration with genomic Nuclear MR/GR, gene expression 15+ minutes Priming for genomic
[201, 203, 204]. effects

This table summarizes the sequential phases of rapid, transcription-independent corticosteroid signaling. Immediate membrane
effects occur within seconds to minutes, followed by intracellular signaling cascades within minutes, and integration with
genomic actions at 15 minutes or longer. See A phasic model of GRa non-genomic stress response for a detailed description.
GRa: glucocorticoid receptor alpha; MR: mineralocorticoid receptor.

These rapid, transcription-independent mechanisms can be synthesized into a phased model that
outlines the temporal sequence of non-genomic corticosteroid actions. In the immediate membrane phase,
corticosteroids interact with cell membranes and putative membrane receptors, including aquaporins, ion
channels, and membrane-associated GR/MR, rapidly altering ion fluxes and intracellular signaling within
minutes [201, 202]. In the secondary intracellular signaling phase, during which the membrane interactions
activate PI3K/Akt and Ca%* mobilization, modulating vascular tone, mitochondrial stability, and immune
activation [201, 203]. Finally, in the integration phase, these rapid response prime cells for slower genomic
effects through nuclear GR/MR interactions, aligning immediate buffering with longer-term transcriptional
adaptation [201, 204].
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This phased sequence provides the mechanistic foundation for the broader model of GRa-mediated
non-genomic stress response. Building on the mechanistic framework, Table 4 integrates these findings,
highlighting the systemic indispensability of GRa in contrast to the tissue-specific functions of MR and the
distinct consequences that arise from their imbalance.

A phasic model of GRa non-genomic stress response

Taken together, the non-genomic functions of GRa unfold in a structured, phasic sequence that links cellular
events with systemic functional outcomes.

At the mechanistic level (Table 5) [201-203, 205], non-genomic corticosteroid signaling begins with
the immediate membrane phase, where GRa and MR interact with membrane components—including
aquaporins, ion channels, or membrane-associated receptors—initiating rapid ion fluxes and signaling
changes within seconds to minutes [201-205]. This is followed by the secondary intracellular signaling
phase, where these membrane interactions activate PI3K/Akt and Ca?* pathways via scaffolding proteins
such as caveolin-1, thereby stabilizing vascular tone, mitochondrial function, and immune activation [201,
203]. Finally, in the integration phase, occurring within 15 minutes or more, these rapid cascades prime
nuclear GR/MR interactions and gene transcription, forming a bridge between fast, cytoplasmic signaling
and slower, genomic adaptation [201, 203, 204].

At the systemic level, these mechanistic phases correspond to broader functional outcomes. During the
priming phase, GRa rapidly mobilizes energy stores and directs immune cells. In the modulatory phase, it
stabilizes mitochondrial and vascular functions, preserving cellular integrity and systemic perfusion.
Finally, in the restorative phase, GRa initiates early tissue repair and pro-resolving inflammatory signals—
even before genomic pathways are fully engaged [6].

This multi-level organization demonstrates how rapid membrane and intracellular mechanisms
(seconds to minutes) serve as a biological first responder, providing an immediate buffer that sustains
perfusion, vascular integrity, and immune readiness while preparing the transition to genomic recovery. By
maintaining cell viability and systemic stability across both mechanistic and functional domains, GRa’s non-
genomic signaling emerges not as ancillary but as an essential arm of glucocorticoid-mediated survival.

Collectively, these findings confirm that GRa’s non-genomic actions are crucial for survival during
acute physiological stress. Through its integrated effects on membranes, mitochondria, and cytoplasm, GRa
rapidly coordinates immune response, vascular tone, and cellular stability—underscoring its unique role in
maintaining systemic balance and ensuring survival during critical illness.

Conclusions

From conception through fetal development and across the lifespan, GRa functions as the master regulator
of systemic homeostasis. Beyond its classical role in stress adaptation, GRa coordinates the development
and function of virtually every tissue, circulating cell population, and organ system, integrating neural,
vascular, immune, metabolic, and lymphatic networks. Its signaling enables rapid, bidirectional
communication across these systems, mediating swift physiological responses to internal and external
challenges. This integrative control is not merely modulatory but foundational, sustaining homeostatic
balance and activating corrective mechanisms whenever equilibrium is threatened. GRa thus emerges not
only as a mediator of stress but as an indispensable survival receptor (Table 1) [6, 19-49].

[ts unique ability to activate both genomic and non-genomic pathways across diverse tissues explains
its capacity to preserve life under acute stress. Experimental evidence from genetic knockout and
pharmacological models confirms that GRa deletion results in multisystem failure—characterized by
neuronal apoptosis, immune collapse, cardiovascular breakdown, and metabolic instability. In contrast,
disruption of other NRs typically produces localized or compensatory dysfunctions. Remarkably, murine
models lacking GR’s DNA-binding domain can survive, indicating that non-genomic GRa signaling alone is
sufficient to sustain postnatal viability [122].
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Critically, the GRa function is not autonomous. It is dependent on systemic inputs, including
micronutrient status, microbiome composition, and bioenergetic and metabolic resilience. Trace elements
and minerals (such as zinc, magnesium, and selenium), together with vitamins (such as A, D, and B-
complex) and microbial metabolites, modulate GRa expression, nuclear translocation, and downstream
signaling [206]. Dysbiosis [58], oxidative stress, malnutrition, or micronutrient deficiency (common in
critically ill patients) can significantly impair GRa function, reducing the organism’s capacity to sustain
energy production and mount adaptive responses to physiological stress or inflammation. Thus, GRa
operates at the nexus of endocrine, nutritional, and microbial regulation—serving both as a central
integrator of systemic control and a critical point of vulnerability when disrupted.

This reconceptualization of GRa as a core survival receptor—essential throughout development and
adult physiology—demands a paradigm shift in translational medicine. Historically, the underappreciation
of GRa’s integrated genomic and non-genomic functions and its central role in each phase of homeostatic
corrections has slowed progress in treating critical illnesses, corticosteroid resistance, and systemic
inflammatory disorders. Future approaches should focus on preserving or restoring GRa signaling—both
its genomic and non-genomic pathways—as a unified therapeutic strategy to stabilize homeostasis and
improve outcomes in acute and chronic diseases.

In summary, GRa is not merely a stress-response receptor but a central integrative axis of survival—
embedded within a broader network of nutritional, microbial, and metabolic systems that regulate energy
balance, redox homeostasis, and adaptive resilience. In this light, GRa can be viewed as a biological
counterpart to the so-called “God particle”—not just metaphorically, but as a systems-level integrator
whose dysfunction disrupts coordinated physiological regulation. Its role is not ancillary, but foundational,
supporting survival across immune, metabolic, cardiovascular, and neuroendocrine systems. The
breakdown of this receptor’s function marks the critical inflection point where adaptation gives way to
systemic collapse. Restoring and preserving GRa function represents a unifying frontier in medicine—
offering a pathway to reestablish homeostasis in critical illness and enhance resilience across acute,
chronic, degenerative, and age-related conditions.
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