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ABSTRACT: Regulation of the endocrine and immune system is pivotal for bodily homeostasis and healthy
physiology, and these processes deteriorate as life progresses from adulthood to senescence. Aging, progressively
weakening the structural and functional efficacies of the hypothalamic-pituitary-thyroid-adrenal-gonadal
autoregulating axis, results in endocrino-immuno-senescence (EIS) that modulates a variety of complications
and diseases. Both endocrine and immune responses are compromised during aging, along with impaired tissue
regeneration, weakened pathogen detection, and decreased immune surveillance, and these events increase the
susceptibility to infection, autoimmunity, cancers, and chronic disorders. Nonetheless, while immunosenescence
modulates systemic inflammation and overall host defense, inflammaging accelerates tissue deterioration and
intensifies diverse pathologies. Dysregulation of hormonal, genetic, and epigenetic machineries dampens the
immune system, elevates pro-inflammatory activity, and fails to defend an organism against foreign pathogens,
representing a link between cellular dysfunction and EIS. To mitigate these events, immunomodulation is an
important therapeutic strategy that helps renew endocrine and immune dysregulation and simultaneously
diminish age health disparities. Moreover, preservation of hormonal stability, involving immune response,
emerges as a central determinant and could serve as a preventive medicine for the health and well-being of aged
populations. This review provides a comprehensive understanding of the mechanisms by which EIS is
coordinately associated with a variety of pathological processes and delineates new insights into
immunomodulatory strategies ameliorating age-related diseases for healthy aging and quality living.
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1. Introduction response, reproduction, and immune regulation [2, 3]. In

contrast, age-associated hormonal imbalance contributes
Hormone-immune interactions are intricately regulated in  to various diseases and certain cancers by impacting the
numerous biological processes. Specifically, whereas immune system. Hormone deficiencies, especially
endocrine alterations impact immune responses, chronic ~ estrogen and androgen levels, influence cell
activation can perturb hormone profiles, resulting in differentiation, leading to enhanced humoral immunity
various diseases [1]. Hormonal equilibrium has and a greater prevalence of autoimmune diseases in
widespread consequences on metabolism, growth, stress  females compared to males. Specific endocrinological
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transitions, such as puberty, pregnancy, and menopause,
alter both innate and adaptive immune activities through
modulation of cytokines and T-cell polarization [4].
Overall, hormonal inequality includes, but is not limited
to, inefficient hypothalamic-pituitary-thyroidal-adrenal-
gonadal (HPTAG) axes, impaired memory and cognitive
function, sexual dysfunction and depression, increased
risk of cardiovascular diseases (CVDs), and certain
cancers [2, 3, 5-7].

The occurrence of hormone deficiencies, affecting the
functions of a multitude of organs, is the major cause of
human senescence [8]. Aging, involving impaired
physiological activities, represents a major global
challenge with profound social, economic, and health
implications [9, 10]. A growing urgency is to develop
strategies that not only extend the lifespan but also
enhance the quality of life in geriatric populations. A
central biological process underlying aging is cellular
senescence, which occurs in response to cumulative
stress, DNA damage, telomere attrition, and a host of
other events [11, 12]. Senescent cells secrete pro-
inflammatory cytokines, chemokines, growth factors, and
proteases, and are referred to as senescence-associated
secretory phenotype (SASP) [13]. Persistent SASP
contributes to a chronic, low-grade inflammatory
environment that disrupts bodily homeostasis and impairs
regenerative capacity. This inflammatory burden plays a
critical role in diminished immune surveillance, altered
competence, reduced responsiveness to pathogens, and
enhanced vulnerability to age-related diseases [14, 15].
Central to this process is the dysregulation of the
endocrine system, which plays an important role in
coordinating metabolic, immune, and cellular processes.
Hormonal  homeostasis  orchestrates  inter-organ
communication and modulates energy balance, stress
response, tissue maintenance, and repair processes. With
aging, quantitative and qualitative declines in hormone
profiles modulate endocrino-immuno-senescence (EIS)
and contribute to a variety of pathologies [16, 17]. EIS
refers to the bidirectional dysregulation between
endocrine and immune function, driven by a variety of
events, including epigenetic drift, mitochondrial
dysfunction, and chronic inflammation, modulating the
development of age-related diseases. This conceptual
framework, involving endocrine aging,
immunosenescence, inflammaging, and  cellular
senescence, affects the disease onset, severity, and
recovery trajectories.

An overwhelming amount of evidence indicates that
immunomodulatory approaches, including vitamins, diet
and nutrition, hormonal, pharmacological, and stress
management, have been reported to alleviate both
endocrine and immune outcomes during aging [18-20].
Along these lines, regular physical activity lowers

circulating cortisol levels and improves sleep quality, both
of which support hormonal stability [21, 22]. Macro- and
micro-elements influence hormone production and
immune regulation. Whereas healthy diets support gut-
microbiota diversity for restoring EIS, dysbiosis is linked
with immune dysregulation and hormone imbalance [23].
The mechanistic link between stress hormones and
endocrine dysfunction has been reported with dampened
immune responses [24, 25]. Hormonal disparities are
intertwined with disease processes through complex
endocrine-immune crosstalk. Overall, nutrition, stress
management, sleep optimization, and healthy lifestyles
alleviate not only immunomodulation but also endocrine-
immune stability, and these interventions can mitigate
disease risk and promote healthy aging.

2. Hormonal and
Pathophysiology

Diversity in Physiology

The endocrine system consists of a coordinated network
of ductless glands and specialized tissues that synthesize
and release hormones into the bloodstream to regulate
essential physiological functions [26, 27]. Hormones play
a vital role throughout the lifespan, which interact with
one another through stimulatory, inhibitory, or synergistic
mechanisms [28]. A central feature of endocrine
regulation is the hierarchical control exerted by the
HPTAG axis (Fig. 1). The hypothalamus integrates
neuronal, metabolic, and environmental cues [18, 29].
Pituitary hormones act on the thyroid, adrenal cortex, and
gonads to stimulate the production of downstream
signaling that governs a variety of processes, including
metabolism, stress, and reproduction, which are impacted
by tightly regulated feedback loops. The concentration of
the hormones from the target glands rises to appropriate
levels, which signals back to the hypothalamus and
pituitary to suppress further stimulation, preventing and
maintaining systemic balance [30].

A major neuroendocrine axis is the hypothalamic—
pituitary—gonadal (HPG) system that regulates endocrine
homeostasis through hierarchical signaling [29, 30]. The
HPG axis governs sex steroid biosynthesis and
reproductive  function via pulsatile gonadotropin-
releasing hormone (GnRH), which helps secrete
luteinizing hormone (LH) and follicle-stimulating
hormone, and these are regulated by circadian, metabolic,
and developmental cues [31, 32]. By integrating signals
from circulating sex steroids, these neuropeptides fine-
tune gonadotropin release, ensuring appropriate
reproductive hormone dynamics and maintaining
functional stability of the HPG axis in both sexes. Steroid
hormone biosynthesis initiates on the transport of
cholesterol from the outer to the inner mitochondrial
membrane, a process that is regulated by the steroidogenic
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acute regulatory (StAR) protein [3, 33]. With aging, the
HPTAG axis shows diminished activity and peripheral
glands become less responsive, resulting in dampened
hormone synthesis, reduced receptor sensitivity, and
altered metabolism, all of which modulate EIS [34]. A
hallmark of endocrine-immune aging is the disruption of
circadian and pulsatile secretion patterns, including
cortisol and sex steroids [17, 35]. Studies have indicated
that  chronic  low-grade inflammation impairs
neuroendocrine function, creating bidirectional feedback
events between immune and endocrine systems [36],
resulting in age-related declines in peripheral hormones
[37]. Chronic activation of the HPA axis exacerbates
stress and metabolic conditions and reduces physiological
resilience in older adults [17, 38]. Besides, thyroid
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disorders, involving elevated thyroid-stimulating
hormone (TSH) with stable T4, are more prevalent in
women. Notably, both increased TSH and hypothyroid
states are associated with cognitive decline, fracture risk,
cardiovascular complications, and higher mortality [17,
30, 39]. Reduced sex steroid signaling with increased
GnRH, LH, and activin disrupts systemic and neuronal
homeostasis, contributing to cognitive, reproductive, and
metabolic disorders [40]. Therefore, the HPTAG
autoregulatory system is tightly linked to immune aging
(Fig. 1). Declining endocrine function, reflected by
circadian rhythms, impaired feedback control, and
reduced cellular activities, promotes chronic low-grade
inflammation and immune deficiency [41-43].

Hormonal Profiles in
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Figure 1. Hormonal profiles under physiological and pathophysiological conditions in women and men. A schematic
representation illustrates levels of various hormones across the HPTAG autoregulatory system pertaining to adulthood and senescence.
Specifically, hormonal homeostasis is maintained for upholding diverse physiological activities during adulthood (eft half). In contrast,
hormonal imbalance, affecting the structural and functional efficacies of a multitude of organs, is a common occurrence in human
senescence (right half). The manifestations of hormone deficiencies, modulating immune function, influence a variety of health issues,
ranging from reproduction to neurodegeneration to carcinogenesis. As a consequence, while appropriate hormone regulation sustains
required physiological activities, disrupted hormone balance in aging, modulating immunosenescence, is vulnerable to age-related
diseases in both women and men. Arrows indicate diverse hormone profiles during aging.

3. Sex-Specific Endocrine and Immune Mechanisms

There is a close correlation between the endocrine and
immune systems, mediated by cytokines, cellular
signaling, and receptor-effector coupling, which regulate
metabolism, stress response, and host defense in both
sexes [44, 45]. However, these processes deteriorate

during aging, resulting in EIS, and are influenced by tissue
remodeling. Endocrine-immune aging is differentially
influenced by sex, a biological factor. Epidemiological,
transcriptomic, and pathological evidence indicate that
women and men differ not only in age-related disease
prevalence, but also in the disease onset, progression, and
clinical manifestation [46, 47]. Disruption of sex-specific
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gonadal hormones in aging, involving
immunosenescence, influences pathogen defense and
chronic inflammation, and heightens individuals'
susceptibility to  autoimmune, metabolic, and
neurodegenerative disorders, especially Alzheimer’s
disease (AD) [45, 46, 48, 49]. Specifically, late-onset
sporadic AD preferentially affects more women than men
and is impacted by a variety of factors and/or events,
including occluded neurosteroidogenesis, mitochondrial
dysfunction, and epigenetic dysregulation, in which EIS
plays an indispensable role [45, 50, 51]. The functional
decline of the HPTAG auto-regulatory system results in
the progression of various age-related diseases in both
sexes. Generally, women, compared with men, have
stronger immune responses, along with higher CD4+ T-
cell counts, antibody efficacies, and longer telomere
lengths. Estrogens in women increase immunity by
promoting antibody production, B-cell maturation, and T-
cell activation, resulting in stronger vaccine responses
[47, 52, 53]. Conversely, testosterone in men exhibits
immunosuppressive  properties due to decreased
proliferation of T-cells, cytokines, and B-cell activity,
leading to reduced susceptibility to autoimmune diseases.
The life expectancy in women is higher than in men,
which might make the former group more vulnerable than
the latter to the progression of diseases, in which a sudden
drop of estrogens at menopause and a gradual decrease in
testosterone at andropause, respectively, with elevated LH
and FSH levels, play permissible roles.

Senescence is typically associated with aging,
modulates endocrine-immune signaling, and it occurs due
to various events, including DNA damage, telomere
shortening, and oncogenic signaling. Genomic instability
and epigenetic drift, involving biological aging, are more
pronounced in males than in females, which contribute to
repair mechanisms being less efficient [46, 49]. Sex-
specific hormonal differences, especially estrogen and
testosterone levels in women and men, respectively, and
their depletion, modulating EIS, have diverse
consequences in age-associated pathologies, which are
also impacted by disruption of metabolism, gut
microbiota, and autophagy [47, 54, 55]. Sex is a critical
biological variable for evaluating EIS because gonadal
hormones decline at different rates in women and men,
along with immune responses, disease prevalence, and
severity. Considering the involvement of sex-specific
disease differences and mechanistic underpinnings,
clinical trials should target an equal number of males and
females to yield a conclusive outcome. Moreover, an
overwhelming amount of evidence indicates that sex-
specific interactions between endocrine and immune
aging play key roles in shaping health outcomes in
geriatric populations; thus, there are considerations for

therapeutic interventions for the reversal of EIS, vaccine
efficacy, and healthy aging [52, 56, 57].

4. Age-Associated Disruption of Cellular Senescence
and Immunity

Aging is an inevitable heterogeneous phenomenon
involving whole-body tissue remodeling that impacts EIS.
Cellular senescence is a central mechanism, and it refers
to a stable and irreversible arrest of diverse relevant
processes, including metabolism and chromatin
architecture [58, 59]. Senescence is initiated by a variety
of intrinsic and extrinsic stressors, including telomere
shortening, double-strand DNA breaks, oxidative stress,
mitochondrial dysfunction, epigenetic perturbations,
inflammation, and metabolic dysregulation [60-62].
Cellular senescence participates in normal physiological
processes such as tissue remodeling during development,
wound healing, and fibrosis regulation. Senescent cells
also exhibit disturbances in proteostasis and autophagy,
and an increase in reactive oxygen species (ROS) [61, 63].
One of the most important consequences of EIS is the
implementation of a pro-inflammatory and tissue-
modifying SASP, which encompasses a wide array of
secreted factors, including cytokines, chemokines, and
extracellular DNA fragments [64-66]. These factors exert
autocrine, paracrine, and endocrine influences, altering
the microenvironment, recruiting immune cells, affecting
stem and progenitor cell behavior, and influencing
systemic inflammation [65, 67]. Chronic accumulation of
senescent cells contributes to organismal aging that
involves impaired tissue regeneration and intercellular
communication, and contributes to CVDs,
neurodegeneration, and compromised immune responses
[15, 63, 68, 69]. Because of its complex and context-
dependent effects, senescence has been proposed as an
example of evolutionary antagonistic pleiotropy, which is
beneficial early in life for tumor suppression and tissue
remodeling, but detrimental later due to accumulation of
senescent cells [61, 62]. Regulation of immune responses
during adulthood and senescence has been illustrated in
Figure 2.

4.1. T- and B-cells senescence

T-cells undergo profound changes with aging and EIS,
which are consistent with the acquisition of senescent
features. Studies have reported that T-cell senescence is
characterized by stable cell-cycle arrest, altered
phenotype, and adoption of a pro-inflammatory secretory
profile [15, 63, 70]. In aged individuals, thymic involution
may result in a dramatic reduction in the output of naive
T-cells, narrowing T-cell receptor (TCR) diversity and
impairing antigenic responsiveness [15, 63]. Senescent T-
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cells exhibit diminished proliferative capacity in response
to antigen or mitogenic stimulation, resulting in cytotoxic
activity, immune function, and vaccine efficacy [63, 70].
Chronic antigenic stimulation, such as persistent viral

’"ﬁcailﬁlry Immu nﬂy

infections or low-grade inflammation, can accelerate T-
cell senescence, compounding the loss of naive T-cells
and function [70], with implications for age-related
decline in adaptive immunity.
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Figure 2. Age-associated changes in innate and adaptive immunity and their impact on health and diseases. A model depicts
coordinated immune responses during adulthood (panel A). Innate immune cells, including neutrophils, macrophages, NK cells, and
mast cells, effectively destroy pathogens, while dendritic cells bridge the innate and adaptive responses, activating T-cells to kill
infected B-cells for producing antibodies. These events preserve the health of vital organs, including brain, kidneys, heart, liver,
reproductive organs, pancreas, and skin. In contrast, immune competence is markedly disrupted during senescence (panel B), in which
innate immune surveillance fails for infection to spread, while immature dendritic cells drive autoreactive T-cell responses and impair
antibody production. This state of immune dysfunction culminates in organ damage across multiple tissues. Alterations of cumulative
immune responses, involving healthy to disrupted immunity across the life span, are associated with physiological and

pathophysiological processes, respectively.

B-cells show age-associated alterations in number,
phenotype, and function, participating in the senescence
mechanism [15, 70]. Specifically, the production of new
naive B-cells declines, limiting the ability to respond to
antigens. Accumulation of B-cells affects lifelong antigen
exposure and homeostatic shifts and exhibits impaired
class-switch recombination and antibody affinity [15, 63].
Disruption of B-cells may also downregulate surface
receptors crucial for reduced CD40 activation (9). The
diminished B-cell function contributes to increased
susceptibility to infectious diseases, reduced vaccine-
mediated protection, and impaired immune surveillance.
B-cell senescence involves pathways that alter chromatin
regulation and SASP-like activity. Even so, the dynamics
of B-cell subset changes remain less well-characterized
than those of fibroblasts and T-cells, which are associated
with senescence, differentiation, clonal selection, and
survival [15, 70].

4.2. Other immune cell lineages: leukocytes,
monocytes, macrophages, lymphocytes, eosinophils,
and platelets

Besides T- and B-cells, EIS is impacted by other immune
cell lineages, including monocytes, macrophages,
lymphocytes, eosinophils, and basophils. Emerging
evidence suggests that senescence in myeloid cells,
particularly macrophages, can contribute to age-
associated immune dysfunction, inflammation, and tissue
pathology [15, 59, 71]. Monocytes and macrophages are
vulnerable with age, and under persistent inflammatory
stimuli, they can adopt a senescent phenotype
characterized by growth arrest, altered metabolism, and a
pro-inflammatory ~ secretory  profile.  Senescent
macrophages have been implicated in adaptive immune
dysfunction, impaired tissue repair and metabolism,
increased fibrosis, and chronic inflammation, promoting
age-related diseases [59]. Other leukocytes, such as
innate lymphoid and natural killer (NK) cells, may also
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experience functional decline during aging, even though
the occurrence of senescence in these immune-cell subsets
is still unclear. Evidence suggests that chronic activation
or stress may drive senescent-like differentiation, but the
distinction remains ambiguous [15, 70]. Current
understanding suggests that EIS is not simply a loss of
competence but an active process of tissue remodeling
that alters intercellular communication, degrades
homeostasis, and propagates chronic inflammation [15,
69, 71]. Therefore, removing senescent cells or
modulating their secretory profile restores immune
responses, reduces inflammation, and improves tissue
repair [15, 59, 71].

Tumor immune evasion is a multidimensional and
evolutionary selected process that often occurs with EIS,
in which cancer cells escape through distinct mechanisms.
Reciprocally, tumors downregulate antigenic capacity to
cytotoxic CD8* T-cells and simultaneously exploit
inhibitory checkpoint pathways, including PD-1/PD-L1,
CTLA-4, and TGF-B, to actively deactivate infiltrating
immune effector cells [72]. Hypoxia-driven activity
promotes metabolic reprogramming and recruits myeloid-
derived suppressor cells and M2-polarized macrophages,
establishing a profound immunosuppression [72-74].
Chronic antigen exposure further drives CD8" T-cell
exhaustion, a state that is reinforced by mitochondrial
dysfunction and epigenetic silencing [75]. Notably,
cancer cells can directly transfer mutant mitochondria to
tumor-infiltrating lymphocytes, evading mitophagy and
inducing T-cell dysfunction through homoplasmic
replacement [72]. Immunogenic subclones, evolving due
to mutations or genetic alterations, are selectively
eliminated by antitumor T-cell responses, while resistant
clones persist and expand, generating intra-tumoral
heterogeneity that correlates with poor prognosis and
blockade resistance [76]. Tumor-—host interactions,
altering endocrine-immune signaling and encompassing
antigen camouflage, immune coercion, and cyto-
protection, render tumor immune evasion a layered,
redundant, and therapeutically challenging process.

5. Aging and Dysregulation of the Immune System

Disruption of the immune system is intertwined with
endocrine dysfunction during the process of aging,
which gives rise to an array of complications, including
increased susceptibility to cancer, neurodegenerative
diseases, and infections. A key network of regulated
processes that protects an organism from viruses, bacteria,
and other pathogens involves two cooperative events,
called the innate immune system and the adaptive immune
system [77]. Whereas the former relies upon the physical
features and gene expression of an organism and provides

defense against pathogens, the latter’s protective
influence involves antibody-based mechanisms [78].

5.1. Innate immune dysregulation

Innate immunity governs early pathogen sensing,
initiation of anti-viral and anti-bacterial programs, and
orchestration of leukocyte recruitment. With age, innate
immune signaling often displays a paradoxical phenotype,
involving elevated inflammation with impaired
performance within the context of an acute microbial
challenge [79, 80]. The increase in danger-associated
molecular patterns evolves due to cumulative cellular
stress, 1impaired proteostasis, and mitochondrial
dysfunction. When immune clearance of senescent cells
is incomplete due to impaired cytotoxicity and altered
chemotaxis, SASP can reprogram macrophages, disrupt
stromal niches, and cause chronic inflammation [81, 82].
Overall, age-dependent endocrine-immune dysfunction is
impacted by cellular senescence, inflammation, and
genomic instability (Fig. 3).

5.2. Inflammasomes

A link between age-related cellular stress and chronic
inflammation has been implicated with inflammasomes
[83, 84]. The NLR family, pyrin domain-containing 3
(NLRP3) mediated inflammasome, is activated by diverse
EIS mediated stress signals, including mitochondrial
dysfunction, ion fluxes, and ROS, and it increases
production of mature interleukins, 1p (IL-1p) and IL-18.
It has been demonstrated that the canonical NLRP3
activity can link systemic low-grade inflammation to
functional decline, supporting a causal role for
inflammasome-mediated cytokine maturation [85].
Metabolic intermediates can activate inflammasomes, in
which ketone metabolite B-hydroxybutyrate inhibits
NLRP3, underscoring the tight coupling of innate
inflammation to nutrient sensing [86]. Hematopoiesis is
an upstream driver that shapes innate immunity by
altering the production and function of myeloid cells [87-
89]. Hematopoietic stem cells accumulate DNA damage
and epigenetic alterations over time, which can preserve
innate cell numbers by changing inflammation and
reducing lymphoid replenishment [90, 91]. The well-
known markers of hematopoietic stem cells include, but
are not limited to, ABCG2, CD34, CD38, and CD90.
Besides, hematopoietic clones become more prevalent
with age-associated EIS, reflecting the expansion of
somatic mutations that can skew inflammatory programs
[92]. Studies have shown that TET2 mutations affect
immune function, in which clonal hematopoiesis can
accelerate CVDs, blood cancers, and autoimmune
diseases through IL-1B-linked inflammatory signaling,
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and these events are impacted by disrupted endocrine
signaling [93, 94].
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Figure 3. Involvement of diverse signaling in innate and adaptive immune dysfunction. A schematic model shows cellular
alterations associated with immunodeficiency and its resulting consequences. Epigenetic dysregulation modulates immune responses,
contributing to age-associated diseases. The left circle depicts innate immune alterations that include reduced NK cell activity with
diminished IFN-y production, impaired dendritic cell (DC) signaling associated with decreased IL-6, IL-12, and type I interferon,
and compromised responses inflicted by reduced neutrophil extracellular trap (NET) formation, ROS generation, and degranulation.
Aging macrophages exhibit heightened inflammatory cytokine production along with reduced phagocytic capacity. The right circle
illustrates adaptive immune dysfunction, where B-cells display diminished antibody production and cellular interactions, reduced
frequency and diversity of [gD"CD27* memory subsets, and accumulation of senescent memory populations (IgD"CD27-TNFa). T-
cell alterations include reduced naive T-cell signaling, expansion of memory and senescent phenotypes (CD28 PD-17Th2), and
dysregulated regulatory T-cell (Treg) function. Dysfunction of innate and adaptive immunity results in immunodeficiency (middle).

5.3. Neutrophils

Neutrophils exemplify how innate cell populations can be
maintained while function becomes dysregulated [95, 96].
Deterioration of age-associated endocrine-immune
signaling is associated with impaired neutrophil
chemotaxis, which can delay pathogen containment and
increase reliance on prolonged inflammation that
damages host tissues [97]. Older individuals also exhibit
diminished formation of neutrophil extracellular traps,
which can reduce antimicrobial efficacy while altering the
balance between pathogenic clearance and collateral
tissue injury. Because neutrophils affect antigen load,
tissue damage, and cytokine environments, these defects

can blunt adaptive priming toward dysfunctional
trajectories [98].

5.4. Monocytes and macrophages

Monocytes and macrophages play important roles in the
appropriate functioning of the immune system because
they integrate tissue-derived damage signals, microbial
products, and metabolic cues to determine inflammatory
output and resolution [79, 99]. Aging, involving EIS, can
alter toll-like receptor (TLR) signaling and cytokine
production by evolving a state in which basal
inflammatory mediator release is increased with reduced
antimicrobial functions [100]. Reduced efferocytosis
contributes to persistence of cellular debris and secondary
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necrosis, sustaining innate immune activation and
reinforcing inflammation [79]. Dendritic cells are
particularly relevant to aging because they bridge between
innate and adaptive immune sensing. Age-associated
reductions in TLR function in dendritic cell subsets have
been shown to predict influenza vaccine response, linking
innate immune defects with impaired outcomes [101].
Additionally, deterioration of type I interferon signaling
can limit T-cell differentiation and weaken vaccination
efficacy, in which targeted innate stimulation can partially
restore these pathways in aged individuals [102, 103].

5.5. NK cells

NK cells occupy an innate-like lymphocyte niche critical
for antiviral defense and tumor immunosurveillance
[104]. Human NK cells are divided into two principal
subsets based on surface marker expression: the
CD56brightCD16™ and the CD56dimCD16* [105]. The
occurrence of an increase in CD56brightCD16~ and a
decrease in CD56dimCD16" cells balances away from
immunoregulation toward cytotoxic phenotypes [106].
With age-related modulation of EIS, activating receptors
decline while inhibitory KIRs increase, especially on
CD56bright NK cells, leading to weaker tumor and
antiviral responses, reduced degranulation, and impaired
perforin release, possibly due to disrupted Ca?*-dependent
exocytosis [107, 108]. Studies have demonstrated that
changes in NK cell phenotypes, receptor repertoire,
cytotoxicity, and cytokine production vary by tissue and
health conditions [109, 110]. Furthermore, a unique PD-
1* NK cell subset emerges with high CD57 and CD69
levels, indicating overactivation and terminal
differentiation [111]. In the context of acute infection,
elderly individuals exhibit increased expression of
SLAMF7, TIM-3, CD96, NKG2A, and TIGIT on NK cell
subsets, along with an activated and terminally
differentiated surface phenotype with elevated CD69 and
CD57 levels. Changes in markers of terminal
differentiation, such as cluster of differentiation 57
(CD57) in NK- and T-cell subsets, reflect broader shifts
in distributions and proliferative reserve in aging immune
responses [112]. Because NK cells help regulate
maturation of dendritic cells and participate in
surveillance of stressed or senescent cells, their
dysfunction can amplify both infection susceptibility and
accumulation of senescence-associated inflammatory
burden [109, 113].

5.6. Microbiome
Microbiomes shape endocrine-immune aging by

controlling baseline exposure to microbial products and
providing signals that tune innate recognition [114, 115].

Age-associated dysbiosis has been shown to promote
increased intestinal permeability, systemic inflammation,
and macrophage dysfunction, indicating a plausible route
by which microbiome remodeling can drive EIS [116].
This gut-driven immune activation can chronically
influence innate receptors, raise cytokines, and induce an
inflammatory state in myeloid cell populations that do not
improve pathogen-specific defenses. Trained immunity
provides a conceptual framework for durable innate
reprogramming across the lifespan [117]. It describes
epigenetic and metabolic remodeling of innate immune
and progenitor cells after infections, vaccines, or
inflammatory exposures, producing altered
responsiveness to diverse challenges. Therefore,
interventions that reduce chronic inflammatory load,
either by metabolic correction, reduction of senescent
cells, or modulation of innate sensors, may improve
resilience even when they do not directly target a
pathogen [118]. Since innate immune aging is linked to
nutrient-sensing and cellular-maintenance programs, age-
dependent interventions have begun to target these
upstream regulators to improve endocrine-immune
function [119, 120]. Pharmacologic inhibition of the
PI3/AKT/mTOR pathway has been reported to improve
immune function, supporting the involvement of nutrient-
sensing in reverse immune aging phenotypes (Fig. 3).

6. Adaptive Inmune Dysfunction

Dysregulation of age-related adaptive immunity emerges
from structural constraints on leukocyte proliferation,
accumulated antigenic  history, and progressive
remodeling of lymphoid microenvironments that govern
cell survival, trafficking, and memory formation [121]. A
defining driver is thymic involution, which reduces export
of naive T-cells and limits the generation of TCR activity
required for responses to pathogens and vaccines.
Reduced TCR diversity increases the probability that a
protective, high-affinity precursor for a new antigen is
absent, which contributes to delayed, weaker, and more
variable immune responses in older adults [122, 123].

6.1. Alterations of T- and B-cells

T-cell aging emphasizes shifting the balance of naive and
memory subsets and increases the prevalence of
differentiated states with reduced proliferative function
[121]. Senescent T-cells are identified by co-expression
of CD28~, CD57*, and KLRG1", particularly within the
Terminally Differentiated Effector Memory T-cells re-
expressing CD45RA  (TEMRA) subset, which
accumulates CD8" T-cells with age. CD28-negative T-
cells have been implicated in age-associated decline of
immune adaptive function by competing with homeostatic
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cytokines [124]. Identification of senescence-like
differentiation from T-cell exhaustion is a dysfunctional
program driven by persistent antigen exposure in chronic
infection and cancer [125, 126]. Besides, a conceptual
analysis has debated whether senescence and exhaustion
are intertwined to compromise immunity in aging, where
chronic infection, cancer incidence, and inflammation are
more common. Persistent viral infections strongly shape
adaptive immune aging [127, 128]. For example,
cytomegalovirus (CMV) acts as a chronic antigenic
stressor linked to immunodeficiency. Such CMV-driven
remodeling can reduce the space available for naive
precursors and may contribute to diminished
responsiveness to vaccines and pathogens [128] (Fig. 3).
Following primary infection, CMV establishes lifelong
latency with periodic reactivation that drives effector-
memory and TEMRA subsets [129, 130]. These
inflammatory T-cells display CD28CD27 CD45RA"

senescent phenotypes with reduced lymph node,
inhibitory receptor expression, and limited TCR
repertoire  diversity [131, 132]. TCR repertoire

sequencing has demonstrated that CMV seropositivity
reduces its overall diversity by ~33% compared with
seronegative individuals. CMV seropositivity is a core
component of the immune risk profile, a cluster of
parameters including CD4:CD8 inversion, late-
differentiated T-cells, and poor proliferative response
[133, 134]. Nevertheless, the relationship between CMV
and dampening immune response is not detrimental, as
data from murine models suggest that long-term CMV
infection can broaden the TCR repertoire mobilized
against infections through cross-reactive mechanisms
[135].

B-cell aging is a major determinant of reduced
vaccine efficacy [136, 137]. Aging can alter B-cell subset
composition, reduce class-switch recombination and
somatic hypermutation, and impair the generation of high-
affinity and long-lived plasma cells, leading to less potent
antibody responses. Germinal center (GC) biology is
particularly sensitive to aging because it requires
orchestrated interactions among antigen-retaining
follicular dendritic cells, T follicular helper (Tth)-, and B-
cells [138]. Moreover, impaired dendritic cell activation
and type I interferon signaling can precede defective Tth
cell differentiation, linking to humoral insufficiency
through GC disruption. Humoral immune aging is a
system-level defect spanning innate instruction,
impacting differentiation and follicular microenvironment
function. Nevertheless, age-associated B-cells act as
protective and pathogenic immune utility, suggesting they
can contribute to rapid responses under certain conditions
while also associating with  autoimmunity-like
phenotypes and inflammatory outputs [138, 139]. Studies
of aging lymph nodes define the structural and functional

changes that can limit effective immune priming,
consistent with reduced vaccine responsiveness and
adaptive kinetics in mice [140].

6.2. Epigenetic drift

The epigenetic machinery progressively deteriorates with
age and influences EIS, affecting gene expression, cellular
function, and tissue homeostasis [141]. These changes
integrate cumulative exposure history that includes
infections, inflammation, and metabolic state, which help
explain why immune responsiveness can diverge
substantially among individuals of the same chronological
age. Regulatory circuits also remodel with aging,
influencing tolerance and balance between protection and
pathology [142, 143]. Epigenetic clocks, emerging as
invaluable tools, specifically utilize methylation patterns
at a set of CpG sites, in which balanced combinations
provide a reliable measure of biological age [144, 145]. In
addition, chromatin  accessibility and nucleosome
positioning are also recognized as epigenetic clocks.
Since EIS is tightly connected with epigenetic
dysregulation, the reprogramming of the latter extends
lifespan by mitigating age-related diseases [146, 147]. In
aging T-cells, chromatin remodeling drives terminal
differentiation and loss of epigenetic plasticity,
contributing to EIS and susceptibility to infections,
cancer, and autoimmune diseases [148]. Hence,
epigenetic drift promotes lineage bias and stem cell
decline, fostering hematological malignancies, in which
epigenetic reprogramming can serve as therapeutic targets
[149].  Additionally, immune and epigenetic
dysregulation, involving hypermethylation and histone
deacetylation, has been linked to neurodegenerative
diseases, where aberrant methylation sustains vascular
inflammation, highlighting HDAC and DNMT inhibitors
as potential targets for interventions [70, 150].

7. Genetic and Epigenetic Dysregulation and Their
Association with EIS

Malfunction in the genetic and epigenetic machineries,
involving cellular functions, plays an important role in
EIS, a fundamental driver of organismal aging and health
complications. Epigenetic alterations refer to heritable
changes in phenotype that occur with DNA methylation,
histone modifications, chromatin remodeling, and
transcriptional regulation by non-coding RNAs [151].
Activation of DNA damage in response to these lesions
initiates cell cycle arrest, and chromatin alterations
promote SASP. Furthermore, genomic instability
contributes to chromosomal aberrations that result in
transcriptional repression [52]. Loss of nuclear envelope
proteins such as lamin B1 disrupts structural integrity and
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permits chromatin fragmentation [151]. Circulating cell-
free mitochondrial DNA, lacking introns and efficient
repair mechanisms, has emerged as an intercellular signal
and it has been linked with EIS [152]. Cytoplasmic DNA
is a potent driver of an inflammatory state occurring
independently of infection and is implicated in chronic

pathologies such as cardiovascular and neurodegenerative
diseases. Studies have demonstrated that cytosolic DNA
sensing can activate the AKT/mTOR pathway and
thereby promote proliferation and activation of CD4+ T-
cells and exacerbate age-related autoimmunity [151, 153,
154] (Fig. 4).
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Figure 4. The role of genetic and epigenetic events in cellular senescence. A schematic model illustrates alterations of immune
cells during genetic and epigenetic dysregulation. Left and right panels depict normal and affected immune B-, T-, NK-cells,
macrophages, and neutrophils under nornal and senescent states, respectively. Circular arrows denote the interaction between
impaired genetic and epigenetic functions in promoting cellular senescence. The central panel shows genetic instability that includes
deletions, insertions, and mutations, all of which can alter the DNA sequence and impair cellular function. Epigenetic dysregulation
is portrayed through DNA methylation, histone modifications, and non-coding RNAs, which collectively influence gene expression
without altering the DNA sequence. These processes, driven by both genetic and epigenetic factors, lead to the functional decline of
immune cells. Arrows indicate the interplay between genetic and epigenetic dysregulation in driving immune senescence.

Epigenetic dysregulation has been recognized as a
central mechanism linking to EIS [83, 155, 156]. The
epigenetic clock evolved to estimate biological age based
on methylation signatures at selected CpG islands. Its
utility now extends to numerous immune cell populations,
including neutrophils, monocytes, and CD4* T- and B-
cells. Deviations from methylation patterns indicate that
epigenetic alterations not only supplement aging but also

accelerate immune dysregulation [157]. During aging,
global hypomethylation promotes aberrant expression of
pro-inflammatory genes, while site-specific
hypermethylation compromises the transcription required
for lymphocyte development and activation. Critical
immune regulators such as FOXN1, which guides thymic
epithelial cell function and is essential for optimal T-cell
signaling, are silenced with inflammaging [52, 83, 155].
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Histone modifications further shape the epigenetic
landscape by altering chromatin accessibility and
transcriptional dynamics [83]. Age-dependent shifts in
histone acetylation, methylation, and phosphorylation
support activation of nuclear factor-kB (NF-«kB)-driven
inflammatory signaling and contribute to impaired
differentiation and response of immune cells [156, 158].
These modifications underscore that epigenetic drift is a
functional component of immune aging [52, 83, 156].

Non-coding RNAs add yet another dimension to
epigenetic dysregulation impacting EIS. Concomitantly,
microRNAs are essential for maintaining immune cell
homeostasis, and their aberrant regulation disrupts T-cell
activation, proliferation, and memory formation [83, 158].
Age-related decline in miR-181a modulates Sirtuinl
(SIRT1) and results in heightened replication stress and
excessive inflammatory cytokine production in naive T-
cells [157]. Long ncRNAs also influence chromatin
organization and contribute to chronic inflammation [83,
158]. Further support for epigenetic impact on immune
aging comes from DNA methylation in individuals with
autoimmune or chronic inflammatory disorders. These
suggest that sustained immune activation can imprint
aging-like epigenetic signatures on hematopoietic
progenitors and mature immune subsets. Notably, the loci
most affected often involve genes responsible for
cytokine signaling, antigen processing, and lymphocyte
differentiation, underscoring their potential as biomarkers
and mechanistic drivers of inflammaging [159]. Key
epigenetic regulators, such as DNA-methyltransferase
3A, SIRT1 and SIRT3, and the transcription factor
forkhead box O3, play integral roles in maintaining
genomic and mitochondrial stability and safeguarding
immune cell longevity. Dysregulation of these factors
enhances the accumulation of senescent pro-
inflammatory  cells, while persistent low-grade
inflammation can further destabilize epigenetic networks,
linking to EIS and age-related diseases [160].

Genomic and epigenomic instabilities, involving EIS,
contribute to age-associated pathologies by impairing
immune surveillance, fueling chronic inflammation, and
promoting cellular transformation. In cancers, immune
deficiency, characterized by DNA damage and chromatin
remodeling, fosters a tumor-microenvironment and
weakens immune responses to neoplastic cells [157, 161,
162]. Besides, age-driven epigenetic drift accelerates
atherogenesis, fibrosis, and CVDs [163, 164].
Neurodegenerative disorders are also influenced by
altered DNA methylation and histone modifications, in
which inflammation driven by senescent immune cells
exacerbates neurotoxicity and disease progression [165,
166]. The decline in immune competence due to genomic
instability and epigenetic disarray compromises both
innate and adaptive responses, leading to higher disease

susceptibility, impaired pathogen clearance, and reduced
vaccine efficacy in older individuals [167]. Needless to
say, both genetic and epigenetic dysregulation are active
drivers of many age-associated diseases, including
diabetes, CVDs, and cancers, by undermining immune
homeostasis.

8. Immunosenescence and Inflaimmaging and Their
Correlation with Age-Linked Pathologies

A hallmark of immunosenescence is thymic involution,
which reduces the production of new T- and B-cells,
particularly within the naive population [168, 169].
Concurrently, aging is associated with a low-grade
inflammatory state that further disrupts the immune
system [169, 170]. Dysregulation of a number of signaling
pathways, including NF-xB, mTOR, JAK-STAT, AMPK,
and SIRTs, plays central roles in modulating
immunodeficiency. For instance, NF-xB activity
increases with age due to oxidative stress and DNA
damage, reducing T-cell diversity, immune surveillance,
and contributing to tissue degeneration. Likewise,
alterations in the JAK-STAT pathway, particularly the
activation of STAT3, promote the production of pro-
inflammatory cytokines, which support the development
of SASP and chronic inflammation [108].

The immune system during aging is thought to
represent a form of adaptation, and this remodeling
process involves genetic alteration, physical activity,
microbial diversity, and comorbidities that impact
chronic, metabolic, and neurodegenerative diseases [170,
171], in which post-translational modifications (PTMs) of
several factors are recognized. Specifically, PTMs such as
methylation, acetylation, ubiquitination, and O-
GlcNAcylation play essential roles in regulating
proteostasis. EIS has been regarded as a detrimental event
because it contributes to chronic inflammation and
reduces the aging immune system's ability to mount
effective antibody and cellular responses to infections
[170]. Accordingly, the communication between the
innate and adaptive immune systems becomes
dysregulated, ultimately weakening the overall response
to antigens and further accelerating the inflammatory
process [169]. Macrophages express numerous receptors
for danger-associated molecular patterns, which play an
important role in driving localized inflammation. Older
adults exhibit increased production of inflammatory
cytokines, such as IL-1p, IL-6, IL-8, and tumor necrosis
factor a (TNF-a), along with C-reactive protein (CRP),
which are biomarkers of inflammaging. With age, the
increase in free radicals amplifies chronic inflammation
in a feedback loop described by the oxi-inflamm-aging
theory, in which elevated ROS levels cause both DNA and
mitochondrial damage, triggering cellular senescence and
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SASP [169]. Impaired signaling and defective autophagy
in T-cells exacerbate mitochondrial dysfunction, ROS
expansion of myeloid-derived

accumulation, and

disea S, s

suppressor cells. This self-reinforcing cycle of SASP and
inflammation accelerates immune aging [70] (Fig. 5).

Immunosenescence
and Inflammaging

Li)"estyles/D'\e‘s

Figure 5. Influence of diverse factors and processes on immunosenescence and inflammaging. A schematic
representation illustrates overlapping circles that indicate the bidirectional and interacting mechanisms. The
convergence of various factors accelerates age-related disorders. The persistent inflammation and chronic diseases
can sustain immune activation. Metabolic disorders, adverse dietary patterns, and unhealthy lifestyle factors further
disrupt immune competence and amplify inflammatory signaling. Additionally, mitochondrial dysfunction and
oxidative stress promote cellular damage and impaired immune function. Epigenetic alterations modify gene
expression required for immune homeostasis, while neurodegenerative disorders are influenced by prolonged
inflammatory conditions. All of these events are associated with immunosenescence and inflammaging (center),
representing a shared outcome arising from multiple interacting signaling.

Age-linked EIS impacts diverse neurodegenerative
diseases by modulating chronic inflammation that
amplifies glial activation, impairs clearance of toxic
proteins, and promotes neuronal injury. Elevated
cytokines alter T-cell subsets and increased microglial and
astrocytic  reactivity create a  pro-inflammatory
environment, which accelerates amyloid-p (AP)
aggregation, inflammation, and immune cell infiltration
into the brain. These age-related changes, involving EIS,
form a  feed-forward loop that exacerbates
neurodegeneration and contributes to the progression of
Alzheimer’s and Parkinson’s diseases [56, 108, 172, 173].

Beyond  neurodegenerative  processes,  immune
dysfunction is further shaped by several interconnected
mechanisms that intensify inflammation [158], in which
impairment of genetic and epigenetic machineries plays
an important role. Mitochondrial dysfunction adds
another layer of complication, as diminished respiratory
capacity, excessive ROS production, and impaired
mitophagy  based  T-cell activation  stimulate
inflammasome pathways [83]. Aging induces immune
changes in the cardiovascular system that promote chronic
inflammation, endothelial dysfunction, oxidative stress,
and vascular remodeling, leading to arterial stiffness and
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plaque formation [55]. Similar immune-driven
vulnerabilities appear in the skin, where aging weakens
barrier integrity, enhances exposure to microbes and
environmental irritants, and reduces the ability to recover
injuries. These changes trigger delicate cytokine activity
in the epidermis, while diminishing repair capacity and
reducing adaptive responses in older individuals [174].
The decline in immune regulation, combined with
inflammatory signaling and impaired tissue repair, forms
a loop that deteriorates diverse physiological processes
[175]. Recognizing how these interconnected
mechanisms  contribute to  disease  progression
underscores the importance of targeting EIS to extend
lifespan and resilience in geriatric populations (Fig. 5).

Immunosenescence also involves a gain-of-function
effect, in which adaptive immune cells acquire innate-like
properties that paradoxically increase autoimmune
susceptibility. Senescent afCD8+ T-cells attain innate-
like activity and use acquired NK cell receptors as an
alternative mechanism to mediate rapid effector
functions, while losing T-cell signaling [107]. These
immunosenescent T-cells upregulate receptors in NK
cells, including immunoglobulin- and killer-cell lectin-
like Gl activities, allowing them to exert antigen-
independent effector functions and distinct secretory
phenotypes [176]. Age-associated B-cells represent
another critical gain-of-function event, responding to
TLR7 and TLRY stimuli and efficient autoantibody
production through T-bet gene expression and the
extrafollicular differentiation process [177]. Furthermore,
age-associated T helper cells, a distinct CXCR3midCD4+
effector memory subset, exhibit both cytotoxic phenotype
and B helper cell functions regulated by transcription
factor ZEB2 [178]. These changes represent a T-cell
aging-associated phenotype that exhibits both loss-of-
function and gain-of-function features, transforming
highly specific, clonally distributed into innate, end-
differentiation, tissue invasive effector cells that promote
chronic inflammation and autoimmune pathology [179].
The metabolic reprogramming involves immune
dysregulation, SASP accumulation, and epigenetic
changes, which foster a microenvironment, representing
EIS as a catalyst for the development of autoimmune
diseases [180].

9. Immunomodulatory Strategies for Combating
Age-Related Diseases

Immunomodulation, amending the function of the
immune system’s response, is fundamental to treating a
variety of health problems in aging. Recent advances in
biotechnological, pharmacological, and regenerative
medicine indicate that immunomodulation can be
considered a novel therapeutic strategy for combating

diverse age-related diseases impacted by inflammatory
and autoimmune conditions. A number of key approaches
that are known to restore EIS for healthy aging are briefly
discussed below.

9.1. Nutrition, and macro- and micro-elements

The immune system vulnerabilities associated with aging
intersect with multiple challenges, when both nutrient
intake and the body’s capacity to process key elements are
deteriorated [181, 182]. Specifically, deficiencies in
macro- and micro-elements are common in older adults
and contribute to a decline in physiological activities,
raising the risk of age-related diseases and mortality
[182]. Since immune competence depends on healthy
diets, undernutrition weakens the fundamental protective
mechanisms [183].  Balanced  nutrition  and
supplementation have become central strategies to
immunomodulation. There is a growing interest in dietary
approaches to support immunity in aged individuals, as
nutritional interventions are often more practical and
sustainable than medical therapies [184]. Nutrients that
supply energy include proteins, fats, carbohydrates,
essential minerals, and vitamins, all of which are
increasingly recognized for their influence on immune
health. Minerals such as magnesium, calcium, potassium,
sodium, and phosphorus are abundant in tissues and
essential for numerous biological processes; however,
their deficiencies increase oxidative stress, inflammation,
CVDs, and Alzheimer's Disease (AD) and AD-related
dementias (ADRD) [185-187]. Potassium regulates
osmotic balance, muscle and neuronal function, and
immunity; while its low levels activate the NLRP3
inflammasome and raise cytokines, high levels impair T-
cell activity and trigger autophagy [187, 188].
Concurrently, tryptophan, an amino acid found in protein-
rich foods like eggs, fish, and meats, is essential for
immune and neurological health [184, 189]. Moreover,
trace elements such as zinc, selenium, iron, iodine,
copper, cobalt, chromium, and manganese play equally
critical roles in regulating immune response,
inflammation, and autoimmunity [187].

Vitamins are essential for both cellular and immune
functions, with many revealing antioxidant and anti-
inflammatory properties. While humans can synthesize
vitamins D, K, B3, and biotin, most vitamins are obtained
through various diets. Several vitamins play important
roles in epigenetic regulation; for example, folate
provides methyl groups for DNA methylation,
influencing inflammatory gene expression, in which
vitamin B12 supports genomic stability [182, 190].
Vitamin A and its derivatives (retinoids) are central to
maintaining both innate and adaptive immunity, and
contribute to numerous physiological functions, including
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vision, reproduction, and homeostasis. Notably, retinoids
have been shown to restore disrupted
neurosteroidogenesis in  AD-mimetic  hippocampal
neuronal cells, highlighting their importance in neuronal
stability during aging [191-193]. Additionally, both
vitamin C and D enhance immune defense, exhibit
neuroprotective effects, and maintain bone health, while
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also modulating genetic pathways that influence
susceptibility to cancers, diabetes, and autoimmune
disorders [190]. Therefore, adequate intake of macro- and
micro-nutrients and amino acids helps oppose immune
decline, reduce susceptibility to infections and metabolic
and/or neurodegenerative disorders, and reinforce overall
resilience for countering age-associated diseases (Fig. 6).

Non-diseased
Organs

Healthy
Environment

Healthy
Lifestyles

Nutritious
oods

Figure 6. Alterations of a variety of factors and processes inin either severe or moderate endocrine-immune dysfunction.
Hypothetical models depict the roles of multiple events and signaling in endocrine-immune dysfunction. Specifically, unhealthy
lifestyles, diseased organs, poor diets, physical inactivity, dysbiosis, and unhealthy environmental factors, all of which coordinately
promote immune dysfunction, chronic inflammation, and increased susceptibility to age-related diseases (panel 4). On the other
hand, Panel B illustratesdiverse senarios for moderate endocrine-immune dysfunction. These strategies include hormone regulation,
regular physical activity, nutritious diets, healthy gut-microbiota, and favourable environmental and lifestyle conditions for

maintaining immune responses of the older population.
9.2. Lifestyles

A healthy lifestyle influences immunomodulation in aged
individuals. Nutritional deficits, psychological stress,
sleep disturbance, and physical inactivity amplify
inflammatory signaling and modulate EIS, while regular
exercise and balanced diets can mitigate cytokine
overproduction and enhance immune cell function [83,
158]. While people are currently living longer, many
spend their later years coping with chronic illnesses and
diseases [189, 194]. That reality has sharpened attention
on lifestyle-based measures, sleep, stress management,
smoking, alcohol, and social engagement, interventions
that are powerful tools to strengthen immune suppleness
[156, 189, 194]. Stress modulates EIS and is accompanied
by elevated pro-inflammatory cytokines and cortisol, and
decreased dehydroepiandrosterone (DHEA), levels [195,
196]. Stress management practices can counter these
effects by reducing NF-xB and CRP levels and enhancing

CD4* T-cells and telomerase activity [156, 197].
Alternatively, sleep deprivation elevates inflammatory
markers, i.e., IL-6, IL-1P, and TNF-a, reduces vaccine
responses, and increases susceptibility to infections.
Besides, body weight control and caloric restriction are
known to slow immune aging and reduce inflammation in
the elderly [156, 198, 199]. Mechanistically, reduced
calorie intake activates AMPK, suppresses mTOR, and
influences AKT/PI3K, and SIRT1, all of which maintain
metabolic balance [199]. It has been demonstrated that
moderate caloric reduction alleviates immune responses
by slowing cellular senescence, increasing thymic T-cell
output, and identifying PLA2G7-mediated anti-aging
effects [198]. Smoking and excessive alcohol
consumption negatively influence immune function and
disrupt gut microbial activity [156, 196]. By managing
stress, sleep, caloric intake, and reducing smoking and
alcohol use, older adults can strengthen their immune
resilience. These interventions support multiple
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physiological systems, lower inflammatory burden,
improve metabolic and hormonal balance, and stabilize
gut-immune communication (Fig. 6).

9.3. Gut-microbiota

Microbiota supports digestion, metabolic balance, and
immune regulation. With aging and EIS, the gut microbial
system becomes less stable, making it more vulnerable. A
wide range of influences, including environmental
exposures, dietary habits, and medication can alter
microbial environment and function. The microbiota—
gut—brain axis has gained strong attention, as it impacts
immune signaling and enteroendocrine communication
[196, 200]. Dysbiosis aligns with elevated circulating
inflammatory markers, including NLRP3, IL-6, and IL-
1B, reflecting a heightened inflammatory state [200, 201].
Besides, nutrient-sensing networks that include the
hypothalamus, pituitary gland, and peripheral tissues play
major roles in shaping endocrine-immune aging. This
somatotropic axis relies on pathways governed by various
signaling, including mTOR and AMPK, which sustain
energy balance. When these signaling cascades become
dysregulated, increased metabolic stress and vulnerability
to chronic diseases evolve [183, 202]. Disturbances along
the gut-microbiota-brain communication can promote
cognitive decline and dementia by elevating inflammation
[183, 203-205]. Hormones released during chronic stress
can reshape the gut-microbial landscape and amplify
neuronal inflammatory signaling. Overall, disturbances in
gut-microbiota composition, immune activation, and
endocrine  regulation  converge to  influence
neuroinflammation and accelerate cognitive decline
[206].

94. Physical activity

Physical activity has emerged as one of the most
influential lifestyle factors capable of restoring EIS [184,
199, 207]. The accumulation of late-stage effector
memory cells, poor proliferative responses to mitogens,
and a CD4:CDS ratio below 1.0 are largely driven by
CMV, in which exercise has been proposed to exert an
anti-immunosenescence effect [208]. Routine exercise
strengthens muscle quality, helps preserve bone mineral
density, reduces metabolic dysfunction, and supports
cognitive stability [199, 207]. Intervention studies further
show that a 12-week program combining moderate
aerobic and strength training can lower the proportion of
non-classical CDI14*/CD16" monocyte cells often
associated with heightened inflammatory and senescent
profiles [184, 209, 210]. Further, older adults have
reported that highly trained women demonstrate stronger
mitogen-induced T-cell proliferation than their sedentary

counterparts [184, 211].Immune benefits from exercise
result in increases in circulating leukocytes and cytokines,
which enhance cell trafficking between blood and tissues,
and strengthen EIS [212]. Exercise mobilizes senescent T-
cells from peripheral tissues into circulation, facilitating
their apoptosis and creating a ‘vacant space’ for expansion
of newly generated naive T-cells, an event that helps
restore the functional T-cell repertoire [213]. It also
dampens chronic inflammation markers, including CRP,
TNFa, IL-1B, and IL-10, and supports thymic function via
effects on ILs [184, 214, 215]. Exercise engages core
energy-sensing signaling such as AMPK, mTOR, and
SIRT, promotes autophagy, and counteracts oxidative
stress and inflammatory signaling [199]. These systemic
actions not only preserve immune capability but also
protect cardiovascular function by increasing blood flow,
lower inflammation, and reduced oxidative stress [207]. It
is worth noting that the J-shaped curve model, proposed
by Nieman and Colleagues, describes how moderate-
intensity exercise lowers the risk of upper respiratory tract
infections below that of sedentary individuals, while
prolonged or high-intensity exercise raises infection
susceptibility [209, 216, 217]. Epidemiological evidence
suggests that regular physical activity reduces the
incidence of communicable diseases that are impacted by
viral and bacterial infections [218]. Therefore, adopting a
sustainable routine of physical activity, rather than
sporadic intense sessions, offers the balance for
preserving endocrine-immune stability during aging (Fig.
6).

9.5. Hormone profiles

Aging is associated with a gradual decline in diverse
hormonal profiles, resulting in immunosenescence, and
has been implicated in the progression of diverse
pathologies. Specifically, hormonal shifts have profound
effects on the brain, especially neuronal function, not only
as systemic and metabolic regulators but also as
neuromodulators that support synaptic plasticity and
neuroimmune balance [219, 220]. Disruption of the
endocrine milieu exacerbates neuroinflammation,
weakens neuroprotective mechanisms, and destabilizes
interactions between glial cells and peripheral immune
signaling [221, 222]. Of note, the hormonal declines that
occur during menopause and andropause reshape immune
signaling and increase susceptibility to chronic diseases.
Attempts have been made to reverse serum hormone
levels of elderly individuals to younger levels employing
hormone replacement therapies (HRTs); however, the
benefit of HRTs has limited success owing to the risk of
incurring long-term side effects [223, 224]. Estrogens,
especially E2, exert neuroprotective effects, enhancing
synaptic transmission, supporting neuronal stability, and
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promoting neural stem cell proliferation [225]. They also
regulate astrocyte activity, suppressing NF-kB signaling
and facilitating glutamate uptake, thereby reducing
excitotoxicity and free radical accumulation [226].
Similarly, androgens influence many neuronal functions
via androgen receptors and indirectly through
aromatization to estrogens, exerting immunosuppressive
and neuroprotective effects [226]. It is noteworthy that
age-related deterioration of the StAR protein, thus, sex
neurosteroids, promotes AD/ADRD in women and men
differently [3, 50, 51], suggesting the importance of
neuroendocrine-immune deficiency in the disease
pathogenesis. Interestingly, an increase in StAR levels has
been reported to restore neurosteroid biosynthesis that
may be beneficial for age-related cognitive impairments
and dementia in aged populations. Studies have shown
that excess cortisol and altered cortisol to DHEA ratios
are linked to cognitive deficits, hippocampal
vulnerability, and elevated risk of dementia [227, 228].
Observational and experimental data reported that loss of

neurosteroids is a risk factor for cognitive decline and
AD-related dementia [222, 229]. Hence, age-related
deterioration in StAR-governed sex neurosteroids
represents a key mechanism underlying gender-specific
differences in AD/ADRD.

Based on the above considerations, it is clear that EIS
functions as a framework that is coordinately linked with
endocrine dysregulation, immunosenescence,
inflammaging, and cellular senescence, and these events
influence the development of age-related diseases. Table
1 assembles a variety of target-specific EIS biomarkers,
including hormone profiles, inflammatory markers, innate
immune markers, adaptive immune-cell subsets, cellular
senescence, thymic-output markers, epigenetic clocks,
clonal hematopoiesis markers, and frailty and functional
indices, which have been discussed in respective sections
with citations. While the majority of these biomarkers and
their relevance to EIS have been reported to be validated,
a number of them are either extrapolatory or nonspecific,
in various categories (Table 1).

Table 1. A list of target-specific EIS biomarkers, ranging from hormones to frailty indices, and their correlation
with the identification of diverse consequences.
Types Biomarkers Relevance to EIS Status
Cortisol (diurnal rhythm, cortisol HPA-axis activity, stress response, immune .
. : Validated
awakening response) regulation
DHEA/DHEA-S Counter-regulatory hormot}e to cortisol; Validated
age-related decline
Hormone profiles Testosterone and estrogens Sex-specific reproductlv§ aging and immune Validated
modulation
LH, FSH, and GnRH HPG-axis function and reproductive Validated
senescence
TSH, T4, and T3 Thyroid function and metabolic regulation Validated
GH and IGF-1 Anabolic signaling and tissue maintenance Validated
IL-6 Chronic low-grade inflammation Validated
TNF-a Pro-inflammatory gytoklpg associated with Validated
Inflammatory multimorbidity
markers IL-1B Innate inflammatory activation Validated
CRP Systemic inflammation Validated
SASP cytokines and chemokines Cellular senescence Exploratory
NK-cells and cytotoxicity Immuqe surveillance, aging, and Validated
immunosenescence
. Monocyte subsets Inflammatory activation and
Innate immune L . . . Exploratory
markers (013351cal/mt.ermedlate/non—class.lcal) immunosenescence
Nemmphﬂ_tg}]}:%l? hocyte ratio Systemic inflammatory state Nonspecific
CD4+/CD8+ ratio Hallmark of immune aging Validated
Naive T-cells (CD4+ and CD8+) Thymic function and immune competence Validated
Memory/effector T-cells Antigen exposure and immune remodeling Validated
Adaptive immune- Senescent T-cells (CD28—, CD57+, | Validated
cell subsets and KLRG1+) mmunosenescence alidate
Tregs Immune tolerance an.d age-related Validated
dysregulation
B-cell subsets Humoral immune aging Exploratory
Cellular pl6INK4a expression Canonical marker of cellular senescence Validated
senescence p21CIP1 expression Cell-cycle arrest and senescence Validated
Aging and Disease * Volume 18, Number 5, October 2027 16
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Senescence-associated -

galactosidase (SA-B-gal) Cellular senescence detection Validated

Telomere length Replicative aging Validated

Thymic-output T-cell rece}(),tr(i;]gécsl)slon circles Thymic output and immune renewal Validated
k . . . .

markers Recent thymic emigrants (RTEs) Newly generated T-cell populations Validated

Horvath DNAmAge Biological aging Validated

Hannum clock Epigenetic age estimation Validated

Epigenetic clocks PhenoAge Aging and disease-risk prediction Validated

GrimAge Mortality and health span prediction Validated

CHIP-associated mutations

Clonal. _ (DNMT3A, TET2, ASXL1, and Age-related hemgtopmeﬂc glonal expansion Validated
hematopoiesis JAK2) and inflammation
markers Variant allele frequency Magnitude of clonal hematopoiesis Validated
Frailty Phenotype (Fried criteria) Clinical manifestation of biological aging Validated
Frailty Index Deficit accumulation and biological aging Validated
Gait speed Functional decline and aging Validated
Frailty and Grip strength Physical resilience and sarcopenia Validated
functional indices i
Short Physical Performance Battery Functional capacity Validated
(SPPB)
Activities of Daily Living . . .
(ADL/IADL) Functional independence Validated

10. Immunomodulation: A Key Therapeutic
Strategy to Healthy Aging

The aging endocrine-immune system experiences
progressive remodeling, which weakens the body’s
capacity to mount effective responses, resulting in
diminished vaccine efficacy and tissue repair, and a higher
propensity for chronic diseases, including CVDs,
neurodegeneration,  metabolic  dysfunction, and
malignancies. As global life expectancy continues to rise,
the burden of age-associated disorders has expanded in
parallel, leading to greater functional decline, reduced
independence, and higher reliance on healthcare
resources. The cumulative impact of EIS and
physiological challenges underscores the critical need for
immunomodulation for the quality living of geriatric
populations [230, 231]. Although aging inevitably
dampens endocrine-immune function, targeted strategies
can restore the body’s defense mechanisms. A strong
immune system serves as preventive medicine against
diverse age-related diseases. Studies have shown that
dietary modifications should begin well before the visible
onset of aging, as physiological decline in various systems
can emerge as early as the fourth decade of life [182, 207].
Micronutrients such as vitamins A, C, D, and E, along
with copper, iron, selenium, and zinc, are critical for
sustaining immune cell function, reducing infection risk,
and enhancing vaccine responsiveness. Probiotics also
contribute to immune resilience by modulating gut-
microbiota and short-chain fatty acids, yielding
cardiometabolic benefits, reducing oxidative stress and
inflammation [182, 207]. Older adults who maintain
social networks demonstrate lower levels of systemic

inflammation, reduced incidence of depression, and
improved resilience to infections, highlighting the
interplay between psychosocial well-being and immune
function [156, 232]. In contrast, social isolation and
limited mobility exacerbate chronic inflammatory states
and accelerate EIS, resulting in the development of age-
related diseases (Fig. 7).

Other lifestyle components, such as adequate sleep,
support cytokine production, memory T-cell formation,
and metabolic recovery. Effective stress management,
through meditation, yoga, and exercise, reduces cortisol
and helps maintain immune function. Pharmacological
and therapeutic strategies provide a variety of targeted
approaches to counter EIS, particularly through anti-
inflammatory  interventions. Emerging advances,
including immunomodulatory therapies, age-specific
vaccines, and gut-microbiota maintenance, enhance
immune responsiveness and protection against infections.
Current understanding of EIS and its impact on age-
associated pathologies indicates that immunomodulatory
strategies, involving nutritional, immunotherapeutic, and
pharmacological, substances can restore a variety of those
diseases for healthy aging (Table 2). Importantly, age-
related intervention approaches in mitigating EIS often
require a combinatorial action for substantial clinical
outcomes.

11. Conclusions and Future Directions

EIS, modulating genomic, epigenomic, mitochondrial,
and metabolic functions, has been linked with a variety of
age-associated  diseases. Consequently, immuno-
modulatory strategies are the key to quality living of the
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geriatric population. Since the decline of endocrine and  imbalance, mitochondrial dysfunction, and genetic and
immune signaling disrupts bodily homeostasis, EIS  epigenetic dysregulation [155, 233].

represents an important therapeutic approach for

countering many hallmarks of aging, targeting hormonal

Frailty Aging

Kf‘.@

Suppressed
immunity

Deteriorated Organs During Aging

Immunosuppression Involving Unhealthy Lifestyle and
Hormonal Imbalance

Unhealthy
lifestyle

Hormonal
imbalance

Immunomodulation Involving Healthy Lifestyle and
Hormonal Balance

immunity

Healthy Aging

Figure 7. Involvement of EIS in frailty aging and role of immunomodulation in healthy aging. A schematic
representation illustrates the relationship between two trajectories of aging, involving immunosuppression and
immunomodulation. Frailty aging is largely associated with unhealthy lifestyle factors and endocrine imbalance,
which converge to induce immune suppression, leading to progressive and functional deterioration of vital organs
like heart, brain, and gonads (upper panel). In contrast, immunomodulatory strategies, involving hormonal stability,
regular physical activity, healthy diets, gut-microbiome, and favourable environmental and lifestyle conditions,
contribute to healthy aging (lower panel). Both endocrine and immune-based diverse events play important roles in
frailty and healthy aging.
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Clinical consequences are often more inflammatory
yet less reliably protective, increasing vulnerability to
infection and limiting vaccine performance, while
contributing to chronic diseases. EIS weakens host
defense against infections and substantially influences the
development and progression of age-linked disorders,
including CVDs, neurodegenerative diseases, and
cancers. Immune aging is shaped by a complex interplay
of genetic predisposition, epigenetic drift, metabolic
status, endocrine dysfunction, and environmental

exposures [49]. Of note, immunosenescence entails both
compromised innate and adaptive activities, including
thymic involution, diminished naive T-cell output, and
expansion of senescent phenotypes, which coincide with
elevated cytokines and a low-grade inflammation. Age-
related metabolic and endocrine dysregulation,
mitochondrial dysfunction, and chronic activation of pro-
inflammatory  signaling modulate EIS, reinforce
inflammaging, and weaken immune resilience [17, 108,
234].

Table 2: Influence of EIS on a variety of disorders and their restorative levels with immunomodulatory

strategies for extending lifespan and healthy aging.

Pathologies EIS Immunomodulation References
Aging +++ -+ [131, 235, 238]
AD/ADRD + 4+ ++ [239-241]
Neurodegenerative Diseases +++ ++ [242, 243]
Obesity +++ ++ [116, 244, 245]
Diabetes +++ ++ [123, 246]
Cancers -+ ++ [247-249]
CVDs +++ ++ [198, 235]
Cushing’s Disease ++ + [250, 251]
Metabolic Disorders +++ ++ [206, 252]
Addison’s Disease ++ + [253, 254]
Lipoid CAH ++ + [3, 255, 256]
Hypo & Hyper-Thyroidisms +++ ++ [257-259]
Endometriosis +++ ++ [260]
COVID-19 + + ++ [190, 261, 262]
Osteoporosis +++ ++ [263, 264]
Gonadal Dysgenesis +++ ++ [235, 265, 266]

Efficiency levels: +, low; ++, medium; and +++, high to very high

The identification of the molecular and cellular
mechanisms underlying endocrine-immune dysfunction
helps develop therapeutic interventions for the
management of age-related disorders. Given the
involvement of diverse events and/or processes, an
imminent challenge is to find the right combination of
treatments with limited side effects, which are even more
complicated with hormone-driven variations associated
with menopause and andropause in women and men,
respectively. Additional studies are needed to elucidate
how gender-specific differences in aging contribute to
pathologies in female and male mice and how those
findings translate to humans. Early detection of EIS
inflicted consequences, monitoring specific hormonal,
senescence, inflammatory markers, and frailty indices,
can mitigate many common disorders, including CVDs,
AD/ADRD, and infections, for healthy aging. As such,
immunomodulatory strategies are essential to restore
bodily homeostasis and to reduce age-related pathologies
[235]. Consequently, a hypothetical model unifying

and immune outcomes, and their relevance to clinical
consequences, is proposed in Fig. 8. Precise
understanding of these processes will develop tools that
can detect, modulate, or eliminate senescent immune cells
and may open a new avenue to extend lifespan in
managing age-related diseases.

The multifactorial framework of EIS and its
correlation with disease onset, incidence, and severity
requires targeted therapies for healthy aging. A growing
body of evidence highlights the pivotal role of modifiable
factors that can alleviate both endocrine and immune
trajectories. Unhealthy diets, physical inactivity,
psychological stress, and poor sleep quality are associated
with inflammation and accelerated immune decline.
Conversely, diets rich in vitamins and antioxidants, along
with adequate intake of nutrients, are linked to improved
endocrine-immune competence and reduced systemic
inflammation in older adults [236, 237]. Regular physical
activity exerts broad protective effects by enhancing
immune surveillance, attenuating chronic inflammation,

diverse  scenarios, including upstream drivers, and improving vaccination response [184]. In parallel,
intermediate mechanisms, immunomodulatory strategies, stress reduction and sleep optimization support
Aging and Disease * Volume 18, Number 5, October 2027 19
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neuroendocrine-immune regulation and sustain healthy lifestyles/activities, which hold promise for restoring
physiology. Targeted immunomodulatory approaches for  bodily homeostasis in aging.
EIS involve macro- and micro-elements and healthy

magion

Mitochondrial
Dysfunction

Environmental

Factors Endocriné Senescent
Immune Immune
Evasion Phenotypes
& 9

Tumors/
Cancers Polycystic

Physical

Activities Heglthyr

7z

Neurodegenerative **

Disorders
Damaged

Lung

Figure 8. The unifying core drivers of EIS and the immunomodulatory landscape. A schematic model depicts
five interconnected scenarios that are coordinately associated with both EIS and immunomodulation. Specifically,
upstream rivers, endocrine dysregulation, metabolic shifts, environmental pollutants, and lifestyle factors converge
to initiate age-associated perturbations in immune homeostasis. Intermediate mechanisms input channel through
molecular and cellular axes, such as inflammaging, epigenetic drift involving aberrant DNA methylation and
histone remodeling, and mitochondrial dysfunction, which together reprogram immune cell identity and longevity.
Immune outcomes encompass remodeling of innate and adaptive immune compartments, accumulation of senescent
phenotypes (including exhausted T-cells, dysfunctional B-cells, and pro-inflammatory macrophages), and
progressive failure of immunosurveillance. With clinical consequences, these immune alterations ultimately
manifest as major age-associated pathologies, including CVDs, cancers, and neurodegenerative disorders.
Immunomodulation constitutes strategies that involve physical activity, healthy dietary patterns, pharmacological
agents, and gut-microbiota for restoring/reversing EIS. The bidirectional arrows denote the self-amplifying
feedback loops operating between inflammation, epigenetic reprogramming, and mitochondrial dysfunction,
suggesting that endocrine-immune dysregulation is not linear, but rather a dynamic, reciprocally reinforced, and
therapeutically modifiable process.

These strategies underscore a paradigm shift in  Moreover, personalized therapies are impactful in
research for managing diverse diseases by restoring EIS,  conserving immune function, which ultimately reduces
which promotes the well-being of aging populations. age-related diseases and supports healthy aging across the
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lifespan. Despite the multifaceted advancements, there are
gaps in understanding of the impact of EIS in gender-
specific disease processes, in which outcomes will be
instrumental for personalized treatments. Clinical and/or
longitudinal studies with women and men are warranted
to thoroughly evaluate a combination of EIS-targeted
therapies, including nutritional (e.g., macro- and micro-
elements), pharmacological (e.g., HRTs and targeted
drugs), and/or immunological (e.g., lifestyles and
vaccinations), which will yield effective intervention
strategies for the well-being of geriatric populations.

Acknowledgements

The authors would like to thank a number of co-workers
and collaborators, and the studies of several research
groups, whose contributions helped with the preparation
of this review, and apologize for omitting relevant works.
This work is supported in part by the Department of
Internal Medicine and The CH Foundation (NFR 21206)
to PRM, and U54 GM104940 from the National Institute
of General Medical Sciences of NIH, which funds the
Louisiana Clinical and Translational Science Center to
SY. Figures were generated using BioRender software
(https://www.biorender.com/).

Declaration of Interest

The authors declare that there are no competing interests
that could be perceived as prejudicing the impartiality of
this work.

Author Contributions

Conceptualization, project administration, literature
review, and supervision: PM. Writing, drafting, and
reviewing: PRM, SY, CM, HK, and PHR. All authors
have read and agreed to the final version of the manuscript
for publication.

References

[1] Wensveen FM, Sestan M, Turk Wensveen T, Polic B
(2019). 'Beauty and the beast' in infection: How immune-
endocrine interactions regulate systemic metabolism in
the context of infection. Eur J Immunol, 49:982-995.

[2] Manna PR, Ahmed AU, Molehin D, Narasimhan M,
Pruitt K, Reddy PH (2022). Hormonal and Genetic
Regulatory Events in Breast Cancer and Its Therapeutics:
Importance of the Steroidogenic Acute Regulatory
Protein. Biomedicines, 10:131.

[3] Manna PR (2025). The multifaceted landscape of the
StAR protein in steroid biosynthesis: from development
to degeneration. J Endocrinol, 265:¢240380.

(4]

(3]
(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Desai MK, Brinton RD (2019). Autoimmune Disease in
Women: Endocrine Transition and Risk Across the
Lifespan. Front Endocrinol (Lausanne), 10:265.

Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K
(2013). Frailty in elderly people. Lancet, 381:752-762.
Slominski A, Zbytek B, Nikolakis G, Manna PR,
Skobowiat C, Zmijewski M, et al. (2013).
Steroidogenesis in the skin: implications for local
immune functions. J Steroid Biochem Mol Biol,
137:107-123.

Islam MA, Sultana OF, Bandari M, Kshirsagar S, Manna
PR, Reddy PH (2024). MicroRNA-455-3P as a
peripheral biomarker and therapeutic target for mild
cognitive impairment and Alzheimer's disease. Ageing
Res Rev, 100:102459.

Tenchov R, Sasso JM, Wang X, Zhou QA (2024). Aging
Hallmarks and Progression and Age-Related Diseases: A
Landscape View of Research Advancement. ACS Chem
Neurosci, 15:1-30.

Callaway J, Strozza C, Christensen K, Doblhammer G,
Rau R, Sogaard J (2025). Ageing populations: new
challenges in longevity. BMC Public Health, 25:4395.
Bontempo C, Gallo LP, Mattiacci M, Valente S, Astolfi
A, Conte M, et al. (2026). Barrier breakdown in ageing
and age-related diseases: The potential role of
hierarchical epigenetic control of microRNAs on
surfactant collectins, S100 alarmins and fibronectin.
Ageing Res Rev, 114:103003.

Sun L, Chen C (2025). Senescence in Aging and
Alzheimer's Disease. Aging Dis, doi:
10.14336/AD.2025.1201.

Gong X, Wang S, Xia Q (2025). The Emerging Triad in
Cancer and Aging: Cellular Senescence, Microbiome,
and Tumor Microenvironment. Aging Dis, doi:
10.14336/AD.2025.1495.

Alam MT, Mansoor MAM, Ashiqueali SA, Golusinski
P, Golusinska-Kardach E, Strzelczyk JK, et al. (2025).
The Impact of Senescence-Associated Secretory
Phenotype (SASP) on Head and Neck Cancers: From
Biology to Therapy. Cancers (Basel), 17:4024.

Wang S, Huo T, Lu M, Zhao Y, Zhang J, He W, et al.
(2025).  Recent  Advances in  Aging and
Immunosenescence: Mechanisms and Therapeutic
Strategies. Cells, 14:499.

Lee KA, Flores RR, Jang TH, Saathoff A, Robbins PD
(2022). Immune Senescence, Immunosenescence and
Aging. Front Aging, 3:900028.

Pataky MW, Young WF, Nair KS (2021). Hormonal and
Metabolic Changes of Aging and the Influence of
Lifestyle Modifications. Mayo Clin Proc, 96:788-814.
Cappola AR, Auchus RJ, El-Hajj Fuleihan G,
Handelsman DJ, Kalyani RR, McClung M, et al. (2023).
Hormones and Aging: An Endocrine Society Scientific
Statement. J Clin Endocrinol Metab, 108:1835-1874.
Xie C, Lin Y, Qi C, Wang W, Yuan Y, Song D, et al.
(2025).  Neuro-endocrine-immune  regulation  of
metabolic homeostasis. Cytokine Growth Factor Rev,
85:165-178.

Chen JY, Shih LJ, Liao MT, Tsai KW, Lu KC, Hu WC
(2025). Understanding the Immune System's Intricate

Aging and Disease * Volume 18, Number 5, October 2027

21



Manna PR., et al.

EIS in pathophysiology and immunomodulation

[20]

(21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Balance: Activation, Tolerance, and Self-Protection. Int
J Mol Sci, 26:5503.

Yan Y, Guo Y, Li Y, Jiang Q, Yuan C, Zhao L, et al.
(2025). Vitamin D, Gut Microbiota, and Cancer
Immunotherapy-A Potentially Effective Crosstalk. Int J
Mol Sci, 26.

Haupt S, Eckstein ML, Wolf A, Zimmer RT, Wachsmuth
NB, Moser O (2021). Eat, Train, Sleep-Retreat?
Hormonal Interactions of Intermittent Fasting, Exercise
and Circadian Rhythm. Biomolecules, 11:7052.

De Nys L, Anderson K, Ofosu EF, Ryde GC, Connelly
J, Whittaker AC (2022). The effects of physical activity
on cortisol and sleep: A systematic review and meta-
analysis. Psychoneuroendocrinology, 143:105843.
Clark A, Mach N (2016). Exercise-induced stress
behavior, gut-microbiota-brain axis and diet: a
systematic review for athletes. J Int Soc Sports Nutr,
13:43.

Latek D, Tutuncu Y (2025). Editorial: Linking the
endocrine system with immunity. Front Endocrinol
(Lausanne), 16:1638965.

Xing Y, Xuan F, Wang K, Zhang H (2023). Aging under
endocrine hormone regulation. Front Endocrinol
(Lausanne), 14:1223529.

Starka L, Duskova M (2020). What is a hormone?
Physiol Res, 69:S183-S185.

Knight J (2021). Endocrine system 1: overview of the
endocrine system and hormones. Clinical Practice
Systems of life Endocrine system, 117:38-42.

Dufty Alr, Clobert J, Moller AP (2002). Hormones,
developmental plasticity and adaptation. Trends in
Ecology & Evolution, 17:190-196.

Gallardo N, Artigas-Jeronimo S, Mazuecos L, Andres A
(2025). Neuroendocrine control of glucose homeostasis:
integrative mechanisms from the hypothalamus to the
brainstem. Front Endocrinol (Lausanne), 16:1731725.
Stucker S, De Angelis J, Kusumbe AP (2021).
Heterogeneity and Dynamics of Vasculature in the
Endocrine System During Aging and Disease. Front
Physiol, 12:624928.

Domes G, Linnig K, von Dawans B (2024). Gonads
under stress: A systematic review and meta-analysis on
the effects of acute psychosocial stress on gonadal
steroids secretion in humans.
Psychoneuroendocrinology, 164:107004.

Koysombat K, Tsoutsouki J, Patel AH, Comninos AN,
Dhillo WS, Abbara A (2025). Kisspeptin and neurokinin
B: roles in reproductive health. Physiol Rev, 105:707-
764.

Manna PR, Stetson CL, Slominski AT, Pruitt K (2016).
Role of the steroidogenic acute regulatory protein in
health and disease. Endocrine, 51:7-21.

Biagetti B, Puig-Domingo M (2023). Age-Related
Hormones Changes and Its Impact on Health Status and
Lifespan. Aging Dis, 14:605-620.

Rahman SA, Gathungu RM, Marur VR, St Hilaire MA,
Scheuermaier K, Belenky M, et al. (2023). Age-related
changes in circadian regulation of the human plasma
lipidome. Commun Biol, 6:756.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

Heaney JL, Phillips AC, Carroll D (2012). Aging, health
behaviors, and the diurnal rhythm and awakening
response of salivary cortisol. Exp Aging Res, 38:295-
314.

Harris BN, Roberts BR, DiMarco GM, Maldonado KA,
Okwunwanne Z, Savonenko AV, et al. (2023).
Hypothalamic-pituitary-adrenal (HPA) axis activity and
anxiety-like behavior during aging: A test of the
glucocorticoid cascade hypothesis in amyloidogenic
APPswe/PSIdE9 mice. Gen Comp Endocrinol,
330:114126.

Goncharova N, Bowden D, Johnson E (2023). Editorial:
The HPA axis and aging: individual features, age-related
pathology. Front Endocrinol (Lausanne), 14:1222033.
Anwaar M, Jabeen Q. 2022. Thyroid Dysfunction: In
Connection  with ~ PCOS. IntechOpen,  doi:
10.5772/intechopen.102492.

Atwood CS, Meethal SV, Liu T, Wilson AC, Gallego M,
Smith MA, et al. (2005). Dysregulation of the
hypothalamic-pituitary-gonadal axis with menopause
and andropause promotes neurodegenerative senescence.
J Neuropathol Exp Neurol, 64:93-103.

Arlt W, Hewison M (2004). Hormones and immune
function: implications of aging. Aging Cell, 3:209-216.
Ayroldi E, Cannarile L, Adorisio S, Delfino DV,
Riccardi C (2018). Role of Endogenous Glucocorticoids
in Cancer in the Elderly. Int J Mol Sci, 19:3774.
Saavedra D, Ane-Kouri AL, Barzilai N, Caruso C, Cho
KH, Fontana L, et al. (2023). Aging and chronic
inflammation: highlights from a multidisciplinary
workshop. Immun Ageing, 20:25.

Calabro A, Accardi G, Aiello A, Caruso C, Candore G
(2023). Sex and gender affect immune aging. Front
Aging, 4:1272118.

Manna PR, Yang S, Manna C, Waters H, Islam MA,
Reddy AP, et al. (2025). Steroidogenic acute regulatory
protein mediated variations of gender-specific sex
neurosteroids in Alzheimer's disease: Relevance to
hormonal and neuronal imbalance. Neurosci Biobehav
Rev, 169:105969.

Lopez-Lee C, Torres ERS, Carling G, Gan L (2024).
Mechanisms of sex differences in Alzheimer's disease.
Neuron, 112:1208-1221.

Hosoi T, Yakabe M, Hashimoto S, Akishita M, Ogawa S
(2024). The roles of sex hormones in the
pathophysiology of age-related sarcopenia and frailty.
Reprod Med Biol, 23:¢12569.

Ferretti MT, Iulita MF, Cavedo E, Chiesa PA,
Schumacher Dimech A, Santuccione Chadha A, et al.
(2018). Sex differences in Alzheimer disease - the
gateway to precision medicine. Nat Rev Neurol, 14:457-
469.

Goyani P, Christodoulou R, Vassiliou E (2024).
Immunosenescence: Aging and Immune System
Decline. Vaccines (Basel), 12:1314.

Manna PR, Bose C, Reddy PH (2023). Downregulation
of StAR driven neurosteroid biosynthesis as a distinctive
feature in the brains of Alzheimer's disease patients.
Biochim Biophys Acta Mol Basis Dis, 1869:166757.

Aging and Disease * Volume 18, Number 5, October 2027

22



Manna PR., et al.

EIS in pathophysiology and immunomodulation

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Manna PR, Yang S, Reddy PH (2025). Transcriptomic
analysis reveals suppression of steroidogenic acute
regulatory protein in gender-specific differences in
Alzheimer's disease. Biochim Biophys Acta Mol Basis
Dis, 187:167667.

Pangrazzi L, Meryk A (2025). Molecular and Cellular
Mechanisms of Immunosenescence: Modulation
Through Interventions and Lifestyle Changes. Biology-
Basel, 14:17.

Rio P, Caldarelli M, Miccoli E, Guazzarotti G,
Gasbarrini A, Gambassi G, et al. (2025). Sex Differences
in Immune Responses to Infectious Diseases: The Role
of Genetics, Hormones, and Aging. Diseases, 13:179.
Averyanova M, Yureneva S, Kiseleva 'V,
Yakushevskaya O, Iskusnykh M, Pavlova A, et al.
(2024). Effect of Menopausal Hormone Therapy on
Cellular Immunity Parameters and Cytokine Profile.
Biomedicines, 12:1892.

Upadhyay P, Suhail A, Khanal P, Kumar S (2025).
Mechanistic insights and biomarker discovery in
immune cell aging and age-associated diseases. Front
Immunol, 16:1637191.

Ajoolabady A, Pratico D, Tang D, Zhou S, Franceschi C,
Ren J (2024). Immunosenescence and inflammaging:
Mechanisms and role in diseases. Ageing Res Rev,
101:102540.

Karpuzoglu E, Holladay SD, Gogal RM, Jr. (2025).
Inflammaging:  triggers, molecular mechanisms,
immunological consequences, sex differences, and
cutaneous manifestations. Front Immunol, 16:1704203.
Herranz N, Gil J (2018). Mechanisms and functions of
cellular senescence. J Clin Invest, 128:1238-1246.
Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria
M, Alimonti A (2019). Cellular Senescence: Aging,
Cancer, and Injury. Physiol Rev, 99:1047-1078.

Di Micco R, Krizhanovsky V, Baker D, d'Adda di
Fagagna F (2021). Cellular senescence in ageing: from
mechanisms to therapeutic opportunities. Nat Rev Mol
Cell Biol, 22:75-95.

Kumari R, Jat P (2021). Mechanisms of Cellular
Senescence: Cell Cycle Arrest and Senescence
Associated Secretory Phenotype. Front Cell Dev Biol,
9:645593.

Wang L, Hong W, Zhu H, He Q, Yang B, Wang J, et al.
(2024). Macrophage senescence in health and diseases.
Acta Pharm Sin B, 14:1508-1524.

Dodig S, Cepelak I, Pavic 1 (2019). Hallmarks of
senescence and aging. Biochem Med (Zagreb),
29:030501.

Salminen A, Kaarniranta K, Kauppinen A (2020).
Exosomal vesicles enhance immunosuppression in
chronic inflammation: Impact in cellular senescence and
the aging process. Cell Signal, 75:109771.

Liang Y, Kaushal D, Wilson RB (2024). Cellular
Senescence and Extracellular Vesicles in the
Pathogenesis and Treatment of Obesity-A Narrative
Review. Int J Mol Sci, 25:7943.

Li Q, Xiao N, Zhang H, Liang G, Lin Y, Qian Z, et al.
(2025). Systemic aging and aging-related diseases.
FASEB J, 39:¢70430.

[67]

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Stojanovic B, Milivojcevic Beve I, Dimitrijevic
Stojanovic M, Stojanovic BS, Lazarevic T, Spasic M, et
al. (2025). Oxidative Stress, Inflammation, and Cellular
Senescence in Neuropathic Pain: Mechanistic Crosstalk.
Antioxidants (Basel), 14:1166.

Huang W, Hickson LJ, Eirin A, Kirkland JL, Lerman LO
(2022). Cellular senescence: the good, the bad and the
unknown. Nat Rev Nephrol, 18:611-627.

LiC, Yuan Y, Jia Y, Zhou Q, Wang Q, Jiang X (2025).
Cellular senescence: from homeostasis to pathological
implications and therapeutic strategies. Front Immunol,
16:1534263.

Liu Z, Liang Q, Ren Y, Guo C, Ge X, Wang L, et al.
(2023). Immunosenescence: molecular mechanisms and
diseases. Signal Transduct Target Ther, 8:200.

Kirchner VA, Badshah JS, Hong SK, Martinez O, Pruett
TL, Niedernhofer LJ (2024). Effect of Cellular
Senescence in Disease Progression and Transplantation:
Immune Cells and Solid Organs. Transplantation,
108:1509-1523.

Tufail M, Jiang CH, Li N (2025). Immune evasion in
cancer: mechanisms and cutting-edge therapeutic
approaches. Signal Transduct Target Ther, 10:227.
Deng Z, Teng YJ, Zhou Q, Ouyang ZG, Hu YX, Long
HP, et al. (2021). Shuyu pills inhibit immune escape and
enhance chemosensitization in hepatocellular carcinoma.
World J Gastrointest Oncol, 13:1725-1740.

Deng M, Zeng Y, Liu Y, Wang X, Chen N, Zhang M, et
al. (2024). Increased PD-1(+) NK Cell Subset in the
Older Population. Int J Gen Med, 17:651-661.

Zhong T, Sun S, Zhao M, Zhang B, Xiong H (2025). The
mechanisms and clinical significance of CD8(+) T cell
exhaustion in anti-tumor immunity. Cancer Biol Med,
22:460-480.

Roerden M, Spranger S (2025). Cancer immune evasion,
immunoediting and intratumour heterogeneity. Nat Rev
Immunol, 25:353-369.

Ge Z, Jin X, Gao B, Yu Z, Lim CT (2025). Toward
intelligent immune microneedles: Strategies for sensing,
therapy, and immune regulation. J Control Release,
388:114395.

Roy S, Banerjee D, Banerjee A, Choudhury L (2025).
Sex hormones and gender differences in immune
responses and anticancer immunity: a comprehensive
review. Biol Futur 77:1-27.

Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro
A (2018). Inflammaging: a new immune-metabolic
viewpoint for age-related diseases. Nat Rev Endocrinol,
14:576-590.

Shaw AC, Goldstein DR, Montgomery RR (2013). Age-
dependent dysregulation of innate immunity. Nat Rev
Immunol, 13:875-887.

Coppe JP, Desprez PY, Krtolica A, Campisi J (2010).
The senescence-associated secretory phenotype: the dark
side of tumor suppression. Annu Rev Pathol, 5:99-118.
Gulen MF, Samson N, Keller A, Schwabenland M, Liu
C, Gluck S, et al. (2023). cGAS-STING drives ageing-
related inflammation and neurodegeneration. Nature,
620:374-380.

Aging and Disease * Volume 18, Number 5, October 2027

23



Manna PR., et al.

EIS in pathophysiology and immunomodulation

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

Fetarayani D, Kahdina M, Waitupu A, Pratiwi L,
Ningtyas MC, Adytia GJ, et al. (2025).
Immunosenescence and the Geriatric Giants: Molecular
Insights into Aging and Healthspan. Med Sci (Basel),
13:100.

Moustakli E, Stavros S, Katopodis P, Skentou C, Potiris
A, Panagopoulos P, et al. (2025). Oxidative Stress and
the NLRP3 Inflammasome: Focus on Female Fertility
and Reproductive Health. Cells, 14:36.

Verlinden SF (2024). The genetic advantage of healthy
centenarians: unraveling the central role of NLRP3 in
exceptional healthspan. Front Aging, 5:1452453.
Aguree S (2025). Iron-Inflammasome Crosstalk in
Adipose Tissue: Unresolved Roles of NLRP3 and IL-
1beta in Metabolic Inflammation. Int J Mol Sci, 26:8304.
Kovtonyuk LV, Fritsch K, Feng X, Manz MG, Takizawa
H (2016). Inflamm-Aging of Hematopoiesis,
Hematopoietic Stem Cells, and the Bone Marrow
Microenvironment. Front Immunol, 7:502.

Maestroni G (2025). The Sympathetic Nervous Influence
on Hematopoiesis Up To Date. J Neuroimmune
Pharmacol, 20:61.

Bhowmik S, Bose A, Sengupta A (2025). Innate
immune-inflammatory signaling milieu in myeloid
leukemia and aging-associated clonal hematopoiesis
pathologies. Front Immunol, 16:1660709.

Pietras EM (2017). Inflammation: a key regulator of
hematopoietic stem cell fate in health and disease. Blood,
130:1693-1698.

Aoyama Y, Yamazaki H, Inoue D (2025). Emerging
paradigms in redox regulation: the role of selenoproteins
in normal and malignant hematopoiesis. Exp Hematol,
155:105346.

Jaiswal S, Natarajan P, Silver AJ, Gibson CJ, Bick AG,
Shvartz E, et al. (2017). Clonal Hematopoiesis and Risk
of Atherosclerotic Cardiovascular Disease. N Engl J
Med, 377:111-121.

Haybar H, Shahrabi S, Ghanavat M, Khodadi E (2019).
Clonal hematopoiesis: Genes and underlying
mechanisms in cardiovascular disease development. J
Cell Physiol, 234:8396-8401.

Guarnera L, Jha BK (2024). TET2 mutation as
prototypic clonal hematopoiesis lesion. Semin Hematol,
61:51-60.

Hazeldine J, Harris P, Chapple IL, Grant M, Greenwood
H, Livesey A, et al. (2014). Impaired neutrophil
extracellular trap formation: a novel defect in the innate
immune system of aged individuals. Aging Cell, 13:690-
698.

Rao S, Tsang LS, Zhao M, Shi W, Lu Q (2022). Adult-
onset Still's disease: A disease at the crossroad of innate
immunity and autoimmunity. Front Med (Lausanne),
9:881431.

Wang Z, Saxena A, Yan W, Uriarte SM, Siqueira R, Li
X (2025). The impact of aging on neutrophil functions
and the contribution to periodontitis. Int J Oral Sci,
17:10.

Ni FX, Wang HX, Hu J, Chen PS, Huang HJ, Chen HH,
et al. (2025). Pyroptosis-driven immune dysregulation in

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

COPD: molecular mechanisms and
implications. Front Immunol, 16:1686175.
Neznamov AN, Baykova YP, Kubekina MV (2025). The
Role of CDKs in the Regulation of the
Monocyte/Macrophage Immune Response. Curr Med
Chem, 33:1711-1729..

Andrei C, Puscasu C, Nitulescu GM, Zanfirescu A
(2025). Modulation of Toll-like Receptors with Natural
Compounds: A Therapeutic =~ Avenue  Against
Inflammaging? Int J Mol Sci, 26.

Shaw AC, Panda A, Joshi SR, Qian F, Allore HG,
Montgomery RR (2011). Dysregulation of human Toll-
like receptor function in aging. Ageing Res Rev, 10:346-
353.

Canaday DH, Amponsah NA, Jones L, Tisch DJ,
Hornick TR, Ramachandra L (2010). Influenza-induced
production of interferon-alpha is defective in geriatric
individuals. J Clin Immunol, 30:373-383.

Jung KI, McKenna S, Vijayamahantesh V, He Y, Hahm
B (2023). Protective versus Pathogenic Type I Interferon
Responses during Virus Infections. Viruses, 15:1916.
Stebegg M, Bignon A, Hill DL, Silva-Cayetano A,
Krueger C, Vanderleyden I, et al. (2020). Rejuvenating
conventional dendritic cells and T follicular helper cell
formation after vaccination. Elife, 9:¢52473.

Ahluwalia A, Li A, Cheng G, Deng X, Tarnawski AS
(2009). Reduced ghrelin in endothelial cells plays
important mechanistic role in aging-related impairment
of angiogenesis. J Physiol Pharmacol, 60:29-34.
Rodriguez-Mogeda C, van Ansenwoude CMJ, van der
Molen L, Strijbis EMM, Mebius RE, de Vries HE

therapeutic

(2024). The role of CDS56(bright) NK cells in
neurodegenerative disorders. J Neuroinflammation,
21:48.

Pereira BI, Akbar AN (2016). Convergence of Innate and
Adaptive Immunity during Human Aging. Front
Immunol, 7:445.

Fu Y, Wang B, Alu A, Hong W, Lei H, He X, et al.
(2025). Immunosenescence: signaling pathways,
diseases and therapeutic targets. Signal Transduct Target
Ther, 10:250.

Hazeldine J, Lord JM (2013). The impact of ageing on
natural killer cell function and potential consequences
for health in older adults. Ageing Res Rev, 12:1069-
1078.

Camous X, Pera A, Solana R, Larbi A (2012). NK cells
in healthy aging and age-associated diseases. J Biomed
Biotechnol, 2012:195956.

Cao Z, Kong F, Ding J, Chen C, He F, Deng W (2024).
Promoting Alzheimer's disease research and therapy
with stem cell technology. Stem Cell Res Ther, 15:136.

Kared H, Martelli S, Ng TP, Pender SL, Larbi A (2016).
CD57 in human natural killer cells and T-lymphocytes.
Cancer Immunol Immunother, 65:441-452.

Ma W, Morris S, Jamieson C (2025). Reprogramming
natural killer cells in the tumor microenvironment:
Challenges and therapeuticopportunities. Cytokine
Growth Factor Rev, 86:71-82.

Thevaranjan N, Puchta A, Schulz C, Naidoo A, Szamosi
JC, Verschoor CP, et al. (2018). Age-Associated

Aging and Disease * Volume 18, Number 5, October 2027

24



Manna PR., et al.

EIS in pathophysiology and immunomodulation

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Microbial Dysbiosis Promotes Intestinal Permeability,
Systemic Inflammation, and Macrophage Dysfunction.
Cell Host Microbe, 23:570.

Ullah K, Kanwar R, Ali S, Uddin S, Izza I, Ahmad I, et
al. (2025). Gut Virome and Aging: Phage-Driven
Microbial Stability and Immune Modulation. Aging Dis,
doi: 10.14336/AD.2025.0854.

Ramasinghe C, Bordiga M, Xu B (2025). A
Comprehensive Review of the Triangular Relationship
Among Diet, Gut Microbiota, and Aging. Int J Mol Sci,
26:8785.

Netea MG, Joosten LA, Latz E, Mills KH, Natoli G,
Stunnenberg HG, et al. (2016). Trained immunity: A
program of innate immune memory in health and
disease. Science, 352:aaf1098.

Iliev ID, Blander JM, Collins N, Guo CJ, Longman RS,
Sonnenberg GF, et al. (2025). Microbiota-mediated
mechanisms of mucosal immunity across the lifespan.
Nat Immunol, 26:1645-1659.

Mannick JB, Del Giudice G, Lattanzi M, Valiante NM,
Praestgaard J, Huang B, et al. (2014). mTOR inhibition
improves immune function in the elderly. Sci Transl
Med, 6:268ral79.

Turner VM, Mabbott NA (2017). Structural and
functional changes to lymph nodes in ageing mice.
Immunology, 151:239-247.

Mittelbrunn M, Kroemer G (2021). Hallmarks of T cell
aging. Nat Immunol, 22:687-698.

Sato K, Kato A, Sekai M, Hamazaki Y, Minato N (2017).
Physiologic Thymic Involution Underlies Age-
Dependent Accumulation of Senescence-Associated
CD4(+) T Cells. J Immunol, 199:138-148.

Swain AC, Borghans JAM, de Boer RJ (2022). Effect of
cellular aging on memory T-cell homeostasis. Front
Immunol, 13:947242.

Seyda M, Elkhal A, Quante M, Falk CS, Tullius SG
(2016). T Cells Going Innate. Trends Immunol, 37:546-
556.

Akbar AN, Henson SM (2011). Are senescence and
exhaustion intertwined or unrelated processes that
compromise immunity? Nat Rev Immunol, 11:289-295.
Wherry EJ (2011). T cell exhaustion. Nature
Immunology, 12:492-499.

Khan N, Shariff N, Cobbold M, Bruton R, Ainsworth JA,
Sinclair AJ, et al. (2002). Cytomegalovirus seropositivity
drives the CD8 T cell repertoire toward greater clonality
in healthy elderly individuals. J Immunol, 169:1984-
1992.

Koch S, Solana R, Dela Rosa O, Pawelec G (2006).
Human cytomegalovirus infection and T cell
immunosenescence: A mini review. Mech Ageing Dev,
127:538-543.

Kim J, Kim AR, Shin EC (2015). Cytomegalovirus
Infection and Memory T Cell Inflation. Immune Netw,
15:186-190.

Roesner LM, Bosnjak B, Traidl S, Huehn J, Forster R,
Werfel T (2025). Different CMV-specific effector T cell
subtypes are associated with age, CMV serostatus, and
increased systolic blood pressure. Immun Ageing, 22:27.

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

Pereira B, Xu XN, Akbar AN (2020). Targeting
Inflammation and Immunosenescence to Improve
Vaccine Responses in the Elderly. Front Immunol,
11:583019.

Salumets A, Tserel L, Rumm AP, Turk L, Kingo K, Saks
K, et al. (2022). Epigenetic quantification of
immunosenescent CD8(+) TEMRA cells in human
blood. Aging Cell, 21:¢13607.

Zahid HJ, May D, Robins H, Greissl J (2026). A
fundamental relationship between TCR diversity,
repertoire size and systemic clonal expansion: insights
from 30,000 TCR repertoires. Front Immunol,
16:1707727.

Kadambari S, Klenerman P, Pollard AJ (2020). Why the
elderly appear to be more severely affected by COVID-
19: The potential role of immunosenescence and CMV.
Rev Med Virol, 30:e2144.

Smithey MJ, Venturi V, Davenport MP, Buntzman AS,
Vincent BG, Frelinger JA, et al. (2018). Lifelong CMV
infection improves immune defense in old mice by
broadening the mobilized TCR repertoire against third-
party infection. Proc Natl Acad Sci U S A, 115:E6817-
E6825.

Goodwin K, Viboud C, Simonsen L (2006). Antibody
response to influenza vaccination in the elderly: A
quantitative review. Vaccine, 24:1159-1169.

Frasca D, Diaz A, Romero M, Landin AM, Blomberg BB
(2011). Age effects on B cells and humoral immunity in
humans. Ageing Rese Rev, 10:330-335.

Linterman MA (2014). How T follicular helper cells and
the germinal centre response change with age. Immunol
Cell Biol, 92:72-79.

Hao Y, O'Neill P, Naradikian MS, Scholz JL, Cancro MP
(2011). A B-cell subset uniquely responsive to innate
stimuli accumulates in aged mice. Blood, 118:1294-
1304.

Lancaster JN (2023). Aging of lymphoid stromal
architecture impacts immune responses. Semin
Immunol, 70:101817.

Fan X, Qian Q, Li W, Liu T, Zeng C, Jia P, et al. (2025).
Epigenetic drift score captures directional methylation
variability and links aging to transcriptional, metabolic,
and genetic alterations. Genome Res, 35:2173-2188.
Raynor J, Lages CS, Shehata H, Hildeman DA,
Chougnet CA (2012). Homeostasis and function of
regulatory T cells in aging. Current Opinion in
Immunology, 24:482-487.

Jagger A, Shimojima Y, Goronzy JJ, Weyand CM
(2014). Regulatory T Cells and the Immune Aging
Process: A Mini-Review. Gerontology, 60:130-137.
Horvath S (2013). DNA methylation age of human
tissues and cell types. Genome Biol, 14:R115.
Bertucci-Richter EM, Shealy EP, Parrott BB (2024).
Epigenetic drift underlies epigenetic clock signals, but
displays distinct responses to lifespan interventions,
development, and cellular dedifferentiation. Aging
(Albany NY), 16:1002-1020.

Pereira B, Correia FP, Alves IA, Costa M, Gameiro M,
Martins AP, et al. (2024). Epigenetic reprogramming as

Aging and Disease * Volume 18, Number 5, October 2027

25



Manna PR., et al.

EIS in pathophysiology and immunomodulation

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

a key to reverse ageing and increase longevity. Ageing
Res Rev, 95:102204.

Li YY, Tay FR (2026). Systemic recalibration and
epigenetic resetting as complementary strategies in
ageing biology. Ageing Res Rev, 121:103227.
Rousseau L, Hajdu KL, Ho PC (2025). Meta-epigenetic
shifts in T cell aging and aging-related dysfunction. J
Biomed Sci, 32:51.

Allegra A, Caserta S, Mirabile G, Gangemi S (2023).
Aging and Age-Related Epigenetic Drift in the
Pathogenesis of Leukemia and Lymphomas: New
Therapeutic Targets. Cells, 12:2392.

la Torre A, Lo Vecchio F, Greco A (2023). Epigenetic
Mechanisms of Aging and Aging-Associated Diseases.
Cells, 12;1163.

Guo J, Huang X, Dou L, Yan M, Shen T, Tang W, et al.
(2022). Aging and aging-related diseases: from
molecular mechanisms to interventions and treatments.
Signal Transduct Target Ther, 7:391.

Jauhari A, Baranov SV, Suofu Y, Kim J, Singh T,
Yablonska S, et al. (2021). Melatonin inhibits cytosolic
mitochondrial DNA-induced  neuroinflammatory
signaling in accelerated aging and neurodegeneration. J
Clin Invest, 131:¢150328.

Miller KN, Victorelli SG, Salmonowicz H, Dasgupta N,
Liu T, Passos JF, et al. (2021). Cytoplasmic DNA:
sources, sensing, and role in aging and disease. Cell,
184:5506-5526.

Wang Y, FuZ, Li X, Liang Y, Pei S, Hao S, et al. (2021).
Cytoplasmic DNA sensing by KU complex in aged
CD4(+) T cell potentiates T cell activation and aging-
related autoimmune inflammation. Immunity, 54:632-
647 e639.

Borgoni S, Kudryashova KS, Burka K, de Magalhaes JP
(2021). Targeting immune dysfunction in aging. Ageing
Res Rev, 70:101410.

Pangrazzi L, Meryk A (2024). Molecular and Cellular
Mechanisms of Immunosenescence: Modulation
Through Interventions and Lifestyle Changes. Biology
(Basel), 14:17.

Liu QW, Li JF, Sun XQ, Lin JY, Yu ZW, Xiao Y, et al.
(2025). Immunosenescence and cancer: molecular
hallmarks, tumor microenvironment remodeling, and
age-specific immunotherapy challenges. Journal of
Hematology & Oncology, 18:81.

Moffa L, Tana C (2025). Healthcare-Associated
Infections (HAISs) in the Elderly: Molecular Mechanisms
of Immunosenescence and Clinical, Nutritional and
Therapeutic Implications. Int J Mol Sci, 26:9649.

Mittal R, Saavedra D, Mittal M, Lemos JRN, Hirani K
(2025). Inflammasome activation and accelerated
immune aging in autoimmune disorders. Front Aging,
6:1688060.

Bogucka D, Wajda A, Stypinska B, Radkowski MJ,
Targowski T, Modzelewska E, et al. (2025). Epigenetic
factors and inflammaging: FOXO3A as a potential
biomarker of sarcopenia and upregulation of DNMT3A
and SIRT3 in older adults. Front Immunol, 16:1467308.

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

Soto-Palma C, Niedernhofer LJ, Faulk CD, Dong X
(2022). Epigenetics, DNA damage, and aging. J Clin
Invest, 132:¢158446.

Liu X, Ding G, Liu Y, Yan X, Zhao Y, Lv H, et al.
(2025). Epigenetic regulation of bladder cancer in the
context of aging. Front Pharmacol, 16:1617452.
Pagiatakis C, Musolino E, Gornati R, Bernardini G,
Papait R (2021). Epigenetics of aging and disease: a brief
overview. Aging Clin Exp Res, 33:737-745.

Abo Qoura L, Churov AV, Maltseva ON, Arbatskiy MS,
Tkacheva ON (2026). The aging interactome: From
cellular dysregulation to therapeutic frontiers in age-
related diseases. Biochim Biophys Acta Mol Basis Dis,
1872:168060.

Alimohammadi M, Makaremi S, Rahimi A, Asghariazar
V, Taghadosi M, Safarzadeh E (2022). DNA methylation
changes and inflammaging in aging-associated diseases.
Epigenomics, 14:965-986.

AnY, Wang Q, Gao K, Zhang C, Ouyang Y, Li R, et al.
(2025). Epigenetic Regulation of Aging and its
Rejuvenation. MedComm, 6:¢70369.

Chen R, Zou J, Chen J, Wang L, Kang R, Tang D (2024).
Immune aging and infectious diseases. Chin Med J
(Engl), 137:3010-3049.

Aiello A, Farzaneh F, Candore G, Caruso C, Davinelli S,
Gambino CM, et al. (2019). Immunosenescence and Its
Hallmarks: How to Oppose Aging Strategically? A
Review of Potential Options for Therapeutic
Intervention. Front Immunol, 10:2247.

Xiao J, Qin X, Chen W, Que X, Ma Y, Huang W, et al.
(2025). Immunoinflammation and post-translational
modifications in the aging process. J Transl Med, 23:910.
Santoro A, Bientinesi E, Monti D (2021).
Immunosenescence and inflammaging in the aging
process: age-related diseases or longevity? Ageing Res
Rev, 71:101422.

Pawelec G (2018). Age and immunity: What is
"immunosenescence"? Exp Gerontol, 105:4-9.
Costantini E, D'Angelo C, Reale M (2018). The Role of
Immunosenescence in Neurodegenerative Diseases.
Mediators Inflamm, 2018:6039171.

Liang Z, Zhao Y, Ruan L, Zhu L, Jin K, Zhuge Q, et al.
(2017). Impact of aging immune system on
neurodegeneration and potential immunotherapies. Prog
Neurobiol, 157:2-28.

Andonian BJ, Hippensteel JA, Abuabara K, Boyle EM,
Colbert JF, Devinney MJ, et al. (2025). Inflammation
and aging-related disease: A  transdisciplinary
inflammaging framework. Geroscience, 47:515-542.
Colombini B, Dinu M, Murgo E, Lotti S, Tarquini R,
Sofi F, et al. (2022). Ageing and Low-Level Chronic
Inflammation: The Role of the Biological Clock.
Antioxidants (Basel), 11:2228.

Slaets H, Veeningen N, de Keizer PLJ, Hellings N,
Hendrix S (2024). Are immunosenescent T cells really
senescent? Aging Cell, 23:¢14300.

Mouat IC, Goldberg E, Horwitz MS (2022). Age-
associated B cells in autoimmune diseases. Cellular and
Molecular Life Sciences, 79:2228.

Aging and Disease * Volume 18, Number 5, October 2027

26



Manna PR., et al.

EIS in pathophysiology and immunomodulation

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

Goto M, Takahashi H, Yoshida R, Itamiya T, Nakano M,
Nagafuchi Y, et al. (2024). Age-associated CD4(+) T
cells with B cell-promoting functions are regulated by
ZEB2 in autoimmunity. Sci Immunol, 9:eadk1643.
Zhao TV, Sato Y, Goronzy JJ, Weyand CM (2022). T-
Cell Aging-Associated Phenotypes in Autoimmune
Disease. Front Aging, 3:867950.

Fan H, Yang S, Lu Q, Chang L (2026). Metabolic
reprogramming and immunosenescence: a new sight for
glioma therapy. Front Cell Dev Biol, 14:1754980.
Miiller SDBalL (2019). Aging, Immunity, and
Neuroinflammation: The Modulatory Potential of
Nutrition. Springer Nature, 23:301-322.

Balamurugan BS, Marimuthu MMC, Sundaram VA,
Saravanan B, Chandrababu P, Chopra H, et al. (2024).
Micro nutrients as immunomodulators in the ageing
population: a focus on inflammation and autoimmunity.
Immun Ageing, 21:88.

Upadhyay P, Kumar S, Chellammal HSJ, Sahu N,
Srivastava S, Kumar R, et al. (2025). Gut Microbiota and
Dietary Strategies for Age-Related Diseases. Mol Nutr
Food Res, 69:€70308.

Weyh C, Kruger K, Strasser B (2020). Physical Activity
and Diet Shape the Immune System during Aging.
Nutrients, 12:622.

Barbagallo M, Veronese N, Dominguez LJ (2021).
Magnesium in Aging, Health and Diseases. Nutrients,
13:463.

Trapani V, Rosanoff A, Baniasadi S, Barbagallo M,
Castiglioni S, Guerrero-Romero F, et al. (2022). The
relevance of magnesium homeostasis in COVID-19. Eur
J Nutr, 61:625-636.

Napiorkowska-Baran K, Treichel P, Dardzinska A,
Majcherczak A, Pilichowicz A, Szota M, et al. (2025).
Immunomodulatory Effects of Selected Non-Nutritive
Bioactive Compounds and Their Role in Optimal
Nutrition. Curr Issues Mol Biol, 47:89.

Wang C, Zhang R, Wei X, Lv M, Jiang Z (2020).
Metalloimmunology:  The metal ion-controlled
immunity. Adv Immunol, 145:187-241.

Karagounis LG, Kassis A (2025). Editorial: Aging,
lifestyle, and cellular health. Front Nutr, 12:1578242.
Manna PR, Gray ZC, Reddy PH (2022). Healthy
Immunity on Preventive Medicine for Combating
COVID-19. Nutrients, 14:1004.

Manna PR, Reddy AP, Pradeepkiran JA, Kshirsagar S,
Reddy PH (2023). Regulation of retinoid mediated StAR
transcription and steroidogenesis in hippocampal
neuronal cells: Implications for StAR in protecting
Alzheimer's disease. Biochim Biophys Acta Mol Basis
Dis, 1869:166596.

Manna PR, Kshirsagar S, Pradeepkiran JA, Rawat P,
Kumar S, Reddy AP, et al. (2023). Protective function of
StAR in amyloid-beta accumulated hippocampal
neurotoxicity and neurosteroidogenesis: Mechanistic
insights into Alzheimer's disease. Biochim Biophys Acta
Mol Basis Dis, 1869:166738.

Manna PR (2026). Retinoid-mediated restoration of
neurosteroidogenesis as a therapeutic target in
Alzheimer's disease. Neural Regen Res, 21:2365-2366.

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

Duggal NA (2018). Reversing the immune ageing clock:
lifestyle modifications and pharmacological
interventions. Biogerontology, 19:481-496.

Bauer ME, Jeckel CM, Luz C (2009). The role of stress
factors during aging of the immune system. Ann N Y
Acad Sci, 1153:139-152.

Pedroza Matute S, Iyavoo S (2023). Exploring the gut
microbiota: lifestyle choices, disease associations, and
personal genomics. Front Nutr, 10:1225120.

Black DS, Slavich GM (2016). Mindfulness meditation
and the immune system: a systematic review of
randomized controlled trials. Ann N Y Acad Sci,
1373:13-24.

YuW,YuY, Sun S, LuC, Zhai J, Lei Y, et al. (2024).
Immune Alterations with Aging: Mechanisms and
Intervention Strategies. Nutrients, 16:3830.

Li Q, Zhang H, Xiao N, Liang G, Lin Y, Yang X, et al.
(2025). Aging and Lifestyle Modifications for
Preventing Aging-Related Diseases. FASEB ],
39:e70575.

Zhang L, Wei J, Liu X, Li D, Pang X, Chen F, et al.
(2025). Gut microbiota-astrocyte axis: new insights into
age-related cognitive decline. Neural Regen Res,
20:990-1008.

Cattaneo A, Cattane N, Galluzzi S, Provasi S, Lopizzo
N, Festari C, et al. (2017). Association of brain
amyloidosis with pro-inflammatory gut bacterial taxa
and peripheral inflammation markers in cognitively
impaired elderly. Neurobiol Aging, 49:60-68.
Templeman NM, Murphy CT (2018). Regulation of
reproduction and longevity by nutrient-sensing
pathways. J Cell Biol, 217:93-106.

Colonna M, Butovsky O (2017). Microglia Function in
the Central Nervous System During Health and
Neurodegeneration. Annu Rev Immunol, 35:441-468.
Zheng Y, Bonfili L, Wei T, Eleuteri AM (2023).
Understanding the Gut-Brain Axis and Its Therapeutic
Implications  for ~ Neurodegenerative  Disorders.
Nutrients, 15:4631.

Abavisani M, Faraji N, Ebadpour N, Kesharwani P,
Sahebkar A (2025). Beyond digestion: Exploring how
the gut microbiota modulates human social behaviors.
Neuroscience, 565:52-62.

Mukherjee U, Reddy PH (2025). Gut-brain relationship
in dementia and Alzheimer's disease: Impact on stress
and immunity. Ageing Res Rev, 111:102843.

Kassis A, Fichot MC, Horcajada MN, Horstman AMH,
Duncan P, Bergonzelli G, et al. (2022). Nutritional and
lifestyle management of the aging journey: A narrative
review. Front Nutr, 9:1087505.

Turner JE (2016). Is immunosenescence influenced by
our lifetime "dose" of exercise? Biogerontology, 17:581-
602.

Nieman DC, Wentz LM (2019). The compelling link
between physical activity and the body's defense system.
J Sport Health Sci, 8:201-217.

Timmerman KL, Flynn MG, Coen PM, Markofski MM,
Pence BD (2008). Exercise training-induced lowering of
inflammatory (CD14+CD16+) monocytes: a role in the

Aging and Disease * Volume 18, Number 5, October 2027

27



Manna PR., et al.

EIS in pathophysiology and immunomodulation

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

anti-inflammatory influence of exercise? J Leukoc Biol,
84:1271-1278.

Nieman DC, Henson DA, Gusewitch G, Warren BJ,
Dotson RC, Butterworth DE, et al. (1993). Physical
activity and immune function in elderly women. Med Sci
Sports Exerc, 25:823-831.

Tylutka A, Morawin B, Gramacki A, Zembron-Lacny A
(2021). Lifestyle exercise attenuates immunosenescence;
flow cytometry analysis. BMC Geriatr, 21:200.
Simpson RJ (2011). Aging, Persistent Viral Infections,
and Immunosenescence: Can Exercise "Make Space"?
Exercise and Sport Sciences Reviews, 39:23-33.
Haugen F, Norheim F, Lian H, Wensaas AJ, Dueland S,
Berg O, et al. (2010). IL-7 is expressed and secreted by
human skeletal muscle cells. Am J Physiol Cell Physiol,
298:C807-816.

Chastin SFM, Abaraogu U, Bourgois JG, Dall PM,
Darnborough J, Duncan E, et al. (2021). Effects of
Regular Physical Activity on the Immune System,
Vaccination and Risk of Community-Acquired
Infectious Disease in the General Population: Systematic
Review and Meta-Analysis. Sports Med, 51:1673-1686.
Nieman DC, Pence BD (2020). Exercise immunology:
Future directions. J Sport Health Sci, 9:432-445.

Luo B, Xiang D, Ji X, Chen X, Li R, Zhang S, et al.
(2024). The anti-inflammatory effects of exercise on
autoimmune diseases: A 20-year systematic review. J
Sport Health Sci, 13:353-367.

Campbell JP, Turner JE (2018). Debunking the Myth of
Exercise-Induced Immune Suppression: Redefining the
Impact of Exercise on Immunological Health Across the
Lifespan. Front Immunol, 9:648.

Hill M, Triskala Z, Honcu P, Krejci M, Kajzar J,
Bicikova M, et al. (2020). Aging, hormones and
receptors. Physiol Res, 69:S255-S272.

Romanelli ASaF (2021). Chapter 11- Hormones in
aging. ELSEVIER; Human Aging, Academic Press:207-
217.

Akwa Y (2020). Steroids and Alzheimer's Disease:
Changes Associated with Pathology and Therapeutic
Potential. Int J Mol Sci, 21:4812.

Calvo N, Einstein G (2023). Steroid hormones: risk and
resilience in women's Alzheimer disease. Front Aging
Neurosci, 15:1159435.

Osterberg EC, Bernie AM, Ramasamy R (2014). Risks
of testosterone replacement therapy in men. Indian J
Urol, 30:2-7.

Rosenthal A, Jacoby T, Israilevich R, Moy R (2020). The
role of bioidentical hormone replacement therapy in anti-
aging medicine: a review of the literature. Int J Dermatol,
59:23-29.

Lizcano F, Sanabria D, Aviles E (2025). Hormonal
modulation, mitochondria and Alzheimer's prevention:
the role of GLP-1 agonists and estrogens. Front Mol
Biosci, 12:1622186.

Muller L, Di Benedetto S, Muller V (2025). Influence of
biological sex on neuroinflammatory dynamics in the
aging brain. Front Aging Neurosci, 17:1670175.
Nenezic N, Dragicevic Jeremic J, Rancic N, Dejanovic
B, Kostic D, Nenezic D, et al. (2025). The Link Between

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

Serum Levels of Dehydroepiandrosterone and
Alzheimer's Disease: A Pilot Study in the Serbian
Population. Cureus, 17:¢94489.

Salardini A, Himali JJ, Abdullah MS, Chaudhari R,
Young V, Zilli EM, et al. (2025). Elevated serum cortisol
associated with early-detected increase of brain amyloid
deposition in Alzheimer's disease imaging biomarkers
among menopausal women: The Framingham Heart
Study. Alzheimers Dement, 21:¢70179.

Vest RS, Pike CJ (2013). Gender, sex steroid hormones,
and Alzheimer's disease. Horm Behav, 63:301-307.
Doherty TM, Weinberger B, Didierlaurent A, Lambert
PH (2025). Age-related changes in the immune system
and challenges for the development of age-specific
vaccines. Ann Med, 57:2477300.

Sato Y (2025). Immune Aging and Its Implication for
Age-Related  Disease  Progression.  Physiology
(Bethesda), 40:0.

Aliberti SM, Capunzo M (2025). The Power of
Environment: A Comprehensive Review of the
Exposome's Role in Healthy Aging, Longevity, and
Preventive Medicine-Lessons from Blue Zones and
Cilento. Nutrients, 17:722.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M,
Kroemer G (2023). Hallmarks of aging: An expanding
universe. Cell, 186:243-278.

Thomas R, Wang W, Su DM (2020). Contributions of
Age-Related Thymic Involution to Immunosenescence
and Inflammaging. Immun Ageing, 17:2.

Chintapula U, Chikate T, Sahoo D, Kieu A, Guerrero
Rodriguez ID, Nguyen KT, et al. (2023).
Immunomodulation in age-related disorders and
nanotechnology interventions. Wiley Interdiscip Rev
Nanomed Nanobiotechnol, 15:¢1840.

Di Giosia P, Stamerra CA, Giorgini P, Jamialahamdi T,
Butler AE, Sahebkar A (2022). The role of nutrition in
inflammaging. Ageing Res Rev, 77:101596.

Dou L, Peng Y, Zhang B, Yang H, Zheng K (2024).
Immune Remodeling during Aging and the Clinical
Significance of Immunonutrition in Healthy Aging.
Aging Dis, 15:1588-1601.

Wu ZG, Zhao QQ, Lin SR, Lei JY, Yang CJ, Sun SN, et
al. (2026). Immunosenescence in systemic and multi-
organ aging: mechanisms, inter-organ crosstalk, and
translational opportunities. NPJ Aging, Jun 19, doi:
10.1038/s41514-026-00433-2.

Sehar U, Kopel J, Reddy PH (2023). Alzheimer's disease
and its related dementias in US Native Americans: A
major public health concern. Ageing Res Rev,
90:102027.

Rawat P, Sehar U, Bisht J, Reddy AP, Reddy PH (2024).
Alzheimer's disease and Alzheimer's disease-related
dementias in Hispanics: Identifying influential factors
and supporting caregivers. Ageing Res Rev, 93:102178.
Seixas-Lima B, Binns M, Black SE, Freedman M,
Kumar S, Lahiri D, et al. (2026). The Relationship
between Age and Cognitive Subtypes of Alzheimer
Syndrome and Related Dementias. Dement Geriatr Cogn
Disord, 55:38-48.

Aging and Disease * Volume 18, Number 5, October 2027

28



Manna PR., et al.

EIS in pathophysiology and immunomodulation

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[254]

[254]

Gomes BF, Sauer M, Montoliu-Gaya L, Franquesa-
Mullerat M, Bejanin A, Alcolea D, et al. (2026).
Cerebrospinal fluid NPTX2/p-tau ratio as a biomarker
for cognitive decline in neurodegenerative diseases.
Alzheimers Dement (Amst), 18:¢70391.

Cantero-Fortiz Y, Butler C, Montalban X, Boada M
(2026). Cellular senescence in brain aging and
neurodegeneration: from molecular mechanisms to
translational ~opportunities. Front Cell Neurosci,
20:1805691.

Henn RE, Elzinga SE, Glass E, Parent R, Guo K, Allouch
AM, et al. (2022). Obesity-induced neuroinflammation
and cognitive impairment in young adult versus middle-
aged mice. Immun Ageing, 19:67.

Valentino TR, Chen N, Makhijani P, Khan S, Winer S,
Revelo XS, et al. (2024). The role of autoantibodies in
bridging obesity, aging, and immunosenescence. Immun
Ageing, 21:85.

Nga HT, Nguyen TL, Yi HS (2024). T-Cell Senescence
in Human Metabolic Diseases. Diabetes Metab J,
48:864-881.

Marick A, Manna B, Khan H, Manna PR (2026).
Steroidogenic Acute Regulatory Protein in Breast
Cancer: Mechanistic Insights into Pathogenesis and
Therapeutics. Int J Mol Sci, 27:3117.

Dacoregio MI, Rego Castro CED, Mamede I, Rodrigues
CG, Thimotheo Batista JP, Michelon I, et al. (2026).
Toxicity profile and tolerability of immune checkpoint
inhibitors for the treatment of early-stage breast cancer:
a systematic review and meta-analysis. Breast,
88:104821.

Akcan T, Rao AN, Shariff Al (2026). Endocrinologic
Toxicities of Cancer Therapy: Evolving Challenges and
Multidisciplinary Approaches. Curr Treat Options
Oncol, 27:12.

Cheng Y, Zhou XH, Zou T, Zhang L, Li LH, Yang C, et
al. (2023). Plasma long non-coding RNAs ASMTL-ASI,
AP001363.1, ACO005730.3 and ALI133415.1 as a
potential  biomarker for  Alzheimer's disease.
Neurological Research, 45:804-817.

Gonzalez-Perez C, Pedraza-Arevalo S, Castano JP,
Ibanez-Costa A (2026). Molecular profile of Cushing's
syndrome. Vitam Horm, 132:291-316.

Lan M, Ding H, Cao Y, Liu J, Tu L, Fu S, et al. (2026).
Gut microbiota and aging: current understanding and
future perspectives. Mol Biomed, 7:97.

De Bellis A, Bellastella G, Falorni A, Aitella E, Barrasso
M, Maiorino MI, et al. (2017). Natural history of
autoimmune primary ovarian insufficiency in patients
with Addison's disease: from normal ovarian function to
overt ovarian dysfunction. Eur J Endocrinol, 177:329-
337.

Singh M, Subramanian A, Wambua S, Cockburn N,
Hanley SJ, Lee SI, et al. (2026). Autoimmune diseases

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

and risk of adverse pregnancy outcomes: a population-
based cohort study of five million pregnancies in the UK.
BMC Med, May 21.doi: 10.1186/s12916-026-04921-w.
Lim JH, Cheon YP (2025). The Steroidogenic Acute
Regulatory (STAR) Gene Anatomy, Expression, and
Roles. Dev Reprod, 29:63-80.

Miller WL (2025). Thirty years of StAR gazing.
Expanding the universe of the steroidogenic acute
regulatory protein. J Endocrinol, 264; €240310.
Yoshida M, Sakiyama S, Kondo K, Tangoku A (2015).
Thoracoscopic pericardial fenestration for effective
long-term management of non-tuberculous
mycobacterium pericarditis. Gen Thorac Cardiovasc
Surg, 63:49-51.

Zhang Y, Sun C, Li Y, Qin J, Amancherla K, Jing Y, et
al. (2022). Hormonal therapies up-regulate MANF and
overcome female susceptibility to immune checkpoint
inhibitor myocarditis. Sci Transl Med, 14:eabo1981.

Si L, Xiang H, Zhang Q, Xiao S, Yuan H (2025).
Evolving Trends and Drug Class Dynamics in Drug-
Induced Myocarditis: A 2-Decade Comparative Analysis
of Pharmacovigilance Data. J] Am Heart Assoc,
14:¢043064.

Adewuyi EO, Mehta D, International Endogene C,
andMe Research T, Nyholt DR (2022). Genetic overlap
analysis of endometriosis and asthma identifies shared
loci implicating sex hormones and thyroid signalling
pathways. Hum Reprod, 37:366-383.

Abiri B, Ahmadi AR, Hejazi M, Amini S (2022).
Obesity, Diabetes Mellitus, and Metabolic Syndrome:
Review in the Era of COVID-19. Clin Nutr Res, 11:331-
346.

Kyriacou A, Tziaferi V, Toumba M (2023). Stress,
Thyroid Dysregulation, and Thyroid Cancer in Children
and Adolescents: Proposed Impending Mechanisms.
Horm Res Pacdiatr, 96:44-53.

Chen M, Wang J, Yang Y, He Y, Li L (2025). The
interplay of estrogen, gut microbiome, and bone
immunity in osteoporosis. Cell Commun Signal, 23:516.
Zhao Y, Wang J, Xu L, Xu H, Yan Y, Zhao H, et al.
(2025). Beyond Bone Loss: A Biology Perspective on
Osteoporosis Pathogenesis, Multi-Omics Approaches,
and Interconnected Mechanisms. Biomedicines,
13:1443.

Miyaso H, Ogawa Y, Itoh M (2022). Microenvironment
for spermatogenesis and sperm maturation. Histochem
Cell Biol, 157:273-285.

Bhagwan AS, Gowtham A, Kumar D, Kaundal RK
(2026). Sex-specific cellular and molecular mechanisms
of PFAS-induced reproductive toxicity. Toxicology,
526:154535.

Aging and Disease * Volume 18, Number 5, October 2027

29



