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Abstract

Redox signaling is a key regulator of lymphocyte activation and adaptation, in which re-
active oxygen species (ROS) function not only as mediators of oxidative stress but also as
context-dependent signaling molecules. G protein-coupled estrogen receptor (GPER1) is
an estrogen-responsive receptor with emerging roles in immune regulation, yet how GPER1
signaling intersects with cellular redox networks in lymphocytes remains incompletely
understood. Evidence from different biological systems supports a relationship between
GPERI1 signaling and redox regulation, whereas direct evidence connecting GPER1 to mito-
chondrial ROS (mtROS) regulation in lymphocytes remains to be established. This review
examines the potential intersection between GPER1 signaling, redox regulation, and lym-
phocyte immunity. We first summarize current evidence regarding GPER1 expression and
immunomodulatory functions, followed by a discussion of signaling mechanisms through
which GPER1 may influence ROS generation, antioxidant responses, and mitochondrial
function. Particular emphasis is placed on mitochondrial redox signaling and its context-
dependent roles in lymphocyte activation, metabolic adaptation, and functional states. We
propose that GPER1-associated redox regulation may influence lymphocyte adaptation to
changing signaling and metabolic demands, although this potential relationship has not
been directly established in normal lymphocytes. Further investigation of this potential
relationship may provide insights into the role of GPER1-associated redox signaling in
lymphocyte function and chronic inflammatory diseases.

Keywords: GPER1; redox regulation; mitochondrial ROS; lymphocyte immunity

1. Introduction

The G protein-coupled estrogen receptor (GPER1), also known as GPR30, is a seven-
transmembrane G protein-coupled receptor that mediates rapid non-genomic estrogen
signaling [1]. Since it was identified as a functional estrogen receptor in 1997 [2], GPER1
has attracted increasing attention due to its involvement in a wide range of physiologi-
cal and pathological processes, including cell proliferation, metabolism, cardiovascular
regulation, inflammation, and immune responses. Unlike the classical nuclear estrogen
receptors ERx and ERP, GPER1 primarily mediates rapid non-genomic signaling through
multiple intracellular pathways, thereby exerting diverse biological effects across different
cell types [3-5].

Recent studies have increasingly recognized GPER1 as an important regulator of im-
mune responses. GPER1 expression has been reported in several immune-cell populations,
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including monocytes/macrophages and lymphocytes, suggesting its potential involvement
in immune regulation [6-8]. However, mechanistic understanding of GPER1 signaling has
been derived largely from non-immune cellular and disease models, whereas its down-
stream signaling mechanisms in immune cells remain comparatively less well defined [9].
Whether these mechanisms are conserved in lymphocytes, which possess distinct metabolic
requirements and tightly controlled redox signaling networks, remains poorly understood.

Among immune cells, lymphocytes represent a particularly important context for
investigating GPER1-mediated regulation because their activation, differentiation, and
functional adaptation require precise coordination between intracellular signaling networks
and metabolic states. Recent advances in redox biology have fundamentally changed
the understanding of reactive oxygen species (ROS), demonstrating that ROS function
not only as mediators of oxidative damage but also as signaling molecules involved in
immune-cell activation, differentiation, and metabolic regulation [10,11]. In lymphocytes,
tightly controlled ROS production contributes to antigen receptor signaling and cellular
adaptation, whereas dysregulated ROS dynamics can impair mitochondrial function and
promote immune dysfunction. GPER1 signaling has itself been linked to redox regulation
in several cellular contexts, where receptor activation can modulate both ROS-generating
and antioxidant pathways. Evidence from several cellular models suggests that GPER1
signaling can influence redox regulation through distinct pathways. In vascular endothelial
cells, GPER1 has been linked to PI3K/Akt-Nrf2-mediated antioxidant responses, whereas
in mantle cell lymphoma cells, GPER1 agonism has been associated with NOX1-dependent
ROS production and mitochondrial dysfunction, highlighting the context-dependent nature
of GPER1-mediated redox regulation [12,13]. These findings raise the possibility that ROS
may serve as a mechanistic link connecting GPER1 activation with lymphocyte function.

Although GPER1-mediated ROS regulation has been investigated in diverse biological
contexts, particularly in tumor biology where oxidative stress and metabolic remodeling are
central determinants of cellular fate, the potential role of this signaling axis in lymphocyte
regulation remains insufficiently explored [14,15]. Unlike tumor cells, lymphocytes undergo
highly dynamic transitions between quiescence, activation, differentiation, and memory
formation, processes that are closely coupled to changes in mitochondrial metabolism and
redox adaptation [16-19]. Furthermore, studies in other cellular models have implicated
GPER1 in processes such as proliferation and cell-cycle regulation, suggesting that redox
signaling may represent only one of several potential mechanisms relevant to lymphocyte
function [20]. This review analyses the previous research results concerning GPERI1 signal-
ing and redox regulation, and discusses the potential role of mitochondrial ROS (mtROS)
in lymphocyte metabolic adaptation and functional responses.

2. GPER1 as an Upstream Signaling Hub in Immune and
Redox Regulation
2.1. GPER1 Expression in Immune Contexts and Its Potential Immunomodulatory Roles

GPERY], initially characterized as a membrane-associated estrogen-responsive receptor,
has expanded the classical concept of estrogen signaling beyond nuclear estrogen receptors.
Unlike conventional estrogen receptors that primarily regulate gene transcription through
nuclear mechanisms, GPER1 mediates rapid intracellular signaling events and participates
in diverse physiological processes, including cardiovascular regulation, metabolism, inflam-
mation, and immune modulation [21-23]. The broad biological functions of GPER1 are
consistent with its widespread expression across multiple tissues and cell types [22], sug-
gesting that GPER1 acts as a context-dependent signaling regulator rather than a receptor
restricted to classical reproductive organs.
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The expression pattern and functional activity of GPER1 are tightly regulated by cellular
and pathological contexts. In addition to transcriptional and post-transcriptional mecha-
nisms, epigenetic regulation may contribute to the tissue-specific and disease-associated
expression of estrogen signaling components. Previous studies investigating estrogen re-
ceptor genes in normal and malignant human tissues demonstrated correlations between
RNA expression levels and DNA methylation patterns, suggesting that epigenetic modi-
fications may influence estrogen receptor signaling landscapes under different biological
conditions [24]. Consistently, differential expression patterns of GPER1 have been observed
between esophageal squamous cell carcinoma and adenocarcinoma [25]. Recent studies
further support this context dependence across malignancies. Pan-cancer analyses have
revealed substantial variation in GPER1 expression and prognostic associations among
different tumor types, while reduced GPER1 expression has been reported during tumori-
genesis in non-small-cell lung cancer [26]. The effects of GPER1 on tumor-cell behavior may
differ according to histological subtype, as recently demonstrated in cervical carcinoma [27].
Moreover, GPER1 exhibits a complex and dynamic subcellular distribution. Substantial
intracellular localization, particularly within the endoplasmic reticulum, has been reported;
a fraction of GPERI can also localize to the plasma membrane and undergo constitutive
internalization and intracellular trafficking [28,29]. These findings highlight the importance
of considering cellular context when interpreting GPER1-mediated functions.

Beyond tissue-specific expression and intracellular localization, the biological context
of GPERI signaling is also shaped by the hormonal environment. As an estrogen-responsive
receptor, GPER1 participates in signaling processes that are relevant to both females and
males, and its physiological functions extend beyond classical reproductive tissues. Es-
trogen availability varies across the lifespan, particularly during puberty and following
menopause, while peripheral estrogen production provides an additional source of hor-
monal regulation [30]. Sex-related differences in immune responses are well documented,
with many autoimmune diseases and certain allergic conditions exhibiting a female pre-
dominance, particularly during the reproductive years. These observations suggest that
sex hormones may contribute to immune regulation, although such differences arise from
complex interactions among hormonal, genetic, and environmental factors [31,32]. Adipose
tissue contributes to local and systemic estrogen availability through aromatase-mediated
conversion of androgens, a process that may be influenced by adiposity and metabolic
status [33]. Experimental studies have also implicated GPER1 in the regulation of metabolic
homeostasis in both sexes [34], suggesting that its biological relevance cannot be inferred
from circulating estrogen levels or sex alone.

GPERI1 expression has also been documented in immune-related tissues. Publicly
available data from the Human Protein Atlas (HPA) demonstrate GPER1 expression across
multiple human lymphoid tissues [35] (Figure 1). GPERI transcripts were detected in
the spleen, lymph node, appendix, tonsil, and bone marrow, with the highest transcript
abundance among these tissues observed in the spleen. At the protein level, immunohisto-
chemical annotation indicated detectable GPER1 expression across these lymphoid tissues,
and representative staining was observed in the lymph node, spleen, and tonsil. Together,
these tissue-level expression patterns provide an anatomical basis for further considering
the immunological functions of GPER1.

Accumulating evidence indicates that GPER1 is expressed in multiple immune-cell
populations and contributes to both innate and adaptive immune regulation. In innate
immune cells, including neutrophils, eosinophils, monocytes, and macrophages, GPER1
signaling has been implicated in inflammatory regulation, cytokine responses, and cel-
lular adaptation to environmental stimuli [7,36-38]. These findings support a potential
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immunomodulatory role for GPER]1, although the cellular mechanisms underlying these
effects may differ across experimental contexts.
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Figure 1. GPER1 expression in human lymphoid tissues. (A) RNA expression levels and protein
expression categories of GPER1 across human bone marrow and lymphoid tissues. RNA expression is
presented as normalized transcripts per million (nNTPM), whereas protein expression represents HPA
immunohistochemical annotation. (B-D) Representative immunohistochemical images of GPER1 in
human lymph node (B), spleen (C), and tonsil (D). The images were obtained from female donors
aged 22 years ((B), lymph node), 74 years ((C), spleen), and 40 years ((D), tonsil). These tissue-level
data indicate GPER1 expression in lymphoid tissues but do not establish its expression in specific
lymphocyte populations. Data and images were obtained from the HPA [35]. Image credit: HPA. HPA
content is used under the Creative Commons Attribution 4.0 International License (CC BY 4.0). GPER1
tissue expression data are available at https://v25.proteinatlas.org/ENSG00000164850-GPER1 /tissue
(accessed on 18 August 2026), and the corresponding primary immunohistochemistry data are
available at https://v25.proteinatlas.org/ENSG00000164850-GPER1/tissue/primary+data (accessed
on 18 August 2026).

Compared with innate immunity, the role of GPER1 in adaptive immune regulation
remains less extensively characterized. GPER1 expression has been demonstrated at both
the mRNA and protein levels in FACS-sorted human CD4* and CD8* T lymphocytes [39],
while GPERI1 protein expression has also been reported in human regulatory T cells [40]. In
experimental autoimmune encephalomyelitis (EAE), GPER1 agonist G-1 treatment reduced
disease severity, with evidence from GPER1-deficient mice supporting receptor dependence
at the organismal level [41]. Similarly, G-1 treatment improved neurological outcomes in
experimental models of multiple sclerosis [40]. Studies have implicated GPER1-associated
signaling in lymphocyte development, activation, and functional differentiation [8,42,43],
providing the foundation for exploring how GPER1-associated signaling networks influence
redox regulation and immune adaptation. However, pharmacological findings should be
interpreted cautiously, as G-1 has been reported to exert GPER1-independent effects, includ-
ing antiproliferative and pro-apoptotic activities, in T cell leukemia-derived and vascular
smooth muscle cell models [44,45]. Therefore, pharmacological approaches using GPER1
antagonists, such as G-15 or G-36, should ideally be complemented by genetic validation
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through GPER1 knockdown or knockout to establish receptor dependence. This is par-
ticularly important when investigating lymphocyte-intrinsic mechanisms, as the reported
immunomodulatory effects may also involve indirect regulation through other cell popu-
lations. These observations provide a basis for exploring potential links between GPER1
signaling, redox regulation, and lymphocyte adaptation (Figure 2).

Expanding roles of GPERI1: from endocrine signaling to immune regulation

Traditional view

Estrogen-related signaling
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Figure 2. Expanding roles of GPER1 from endocrine signaling to immune regulation. GPER1 was
initially characterized primarily in the context of estrogen-related signaling and has been implicated
in diverse biological processes, including cell proliferation, metabolic regulation, and cardiovascular
regulation. Emerging evidence indicates that GPERI is also expressed and functionally involved
in multiple immune-cell populations, including T cells, B cells, macrophages, and dendritic cells.
Its immune effects appear to be context dependent and may involve modulation of immune-cell
activation and inflammatory responses. This expanding view provides a basis for investigating the
potential roles of GPER1 signaling in immune regulation.

2.2. GPER1-Associated Signaling Pathways and Their Potential Links to Redox Regulation

Upon ligand activation, GPER1 initiates rapid intracellular signaling through het-
erotrimeric G proteins and activates multiple interconnected signaling modules involved
in cellular metabolism, inflammatory responses, and stress adaptation. These signaling
networks converge on the regulation of intracellular redox homeostasis, providing potential
mechanisms through which GPER1 may influence ROS-dependent cellular responses.

Among the best-characterized pathways downstream of GPER1 is epidermal growth
factor receptor (EGFR) transactivation and downstream ERK1/2 activation, as demonstrated
primarily in breast cancer, with additional evidence of GPER1-associated ERK signaling
in Jurkat T cells [3,46,47]. Beyond its established roles in proliferation, migration, and
survival, MAPK/ERK signaling represents an important interface between receptor activa-
tion and redox regulation [46]. GPER1 can transactivate EGFR and subsequently activate
the MAPK/ERK signaling cascade [3,4]. In Jurkat T cells, H,O,-mediated inhibition of
protein tyrosine phosphatases has been shown to regulate MAPK signaling, suggesting that
redox-sensitive pathways may provide a potential interface between GPER1 signaling and
cellular redox responses [47,48]. However, whether such crosstalk operates in lymphocytes
remains to be established.

https://doi.org/10.3390/antiox15111422


https://doi.org/10.3390/antiox15111422

Antioxidants 2026, 15, 1422

6 of 22

In parallel, GPER1 activates the phosphatidylinositol 3-kinase (PI3K)/Akt pathway in
breast cancer cell models [4]. This pathway is a central regulator of cell survival, growth,
proliferation, and metabolism [49]. PI3K/Akt signaling has been implicated in the regula-
tion of antioxidant defenses through downstream effectors, including glycogen synthase
kinase-3p and nuclear factor erythroid 2-related factor 2 (Nrf2). Mechanistic studies have
demonstrated that glycogen synthase kinase-3f3 can directly phosphorylate Nrf2 and pro-
mote its nuclear exclusion, thereby suppressing Nrf2-dependent antioxidant responses [50].
Therefore, GPER1-dependent PI3K/Akt activation provides a plausible mechanism through
which receptor signaling may promote redox adaptation.

In addition to kinase-dependent pathways, GPER1 signaling can also engage second-
messenger pathways involving cyclic AMP (cAMP) production and intracellular Ca®*
mobilization. GPER1-dependent Ca** release has been linked to PLC/IP3 signaling in
neuronal cells [51,52]. These signaling events regulate downstream kinase activity while
also influencing mitochondrial function, cellular metabolism, and immune-cell activation.
Given the close coupling between intracellular Ca?>* dynamics and mitochondrial Ca**
homeostasis observed in non-immune cell models [53,54], Ca?* signaling represents a
potential interface between GPER1 activation and mitochondrial regulation. Supporting a
direct link between GPER1 and mitochondrial function, estrogen increased mitochondrial re-
sistance to Ca* overload and inhibited mitochondrial permeability transition pore opening
in cardiac tissue, effects that were lost in GPER1-deficient mice [55]. Whether comparable
GPERI1-dependent mitochondrial regulation occurs in lymphocytes remains unknown.

Collectively, studies across different cellular models have implicated GPER1 in the
regulation of kinase activation and second-messenger signaling, with potential links to
mitochondrial function and antioxidant responses. These findings provide a basis for
proposing that GPER1 may influence cellular redox homeostasis through multiple signaling
pathways. However, whether these mechanisms converge to regulate ROS production,
antioxidant defense, and lymphocyte function remains to be experimentally established
(Figure 3).

Potential intersections between GPERI1 signaling and
redox regulation in lymphocytes

o lymphocyte
P9, (plasma membrane)

v v v
Akt ERK1/2 Ca*
Redox regulation
ROS generation Antioxident response
Experimentally supported GPER1 >
> signaling in lymphocyte Y S
J > <«---> < » ( Nrf2
) Experimentally supported GPER1
signaling in non-lymphocyte models
> Proposed downstream effects A
(not yet directly demonstrated)

Lymphocyte functional outcomes
- Activation - Differentiation - Funtional adaptation

Figure 3. Potential intersections between GPER1 signaling and redox regulation in lymphocytes.
GPER1 can engage intracellular signaling pathways including PI3K/Akt, MAPK/ERK1/2, and
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PLC/Ca?* signaling, which may intersect with mechanisms regulating ROS generation and an-
tioxidant responses. The balance between ROS production and antioxidant capacity may sub-
sequently influence lymphocyte activation, differentiation, and functional adaptation. Solid ar-
rows indicate experimentally demonstrated signaling relationships, and arrows represent proposed
mechanistic connections.

3. Redox Signaling as a Regulator of Lymphocyte Activation, Metabolism,
and Cell Fate

Reactive oxygen species were initially considered harmful by-products of cellular
metabolism that contribute to oxidative damage [56]. However, accumulating evidence has
established redox signaling as a fundamental regulatory mechanism in immune cells. Redox
signaling refers to the regulated generation and action of reactive species on redox-sensitive
molecular targets. Its biological effects depend not simply on the overall abundance of ROS,
but also on the chemical species involved, their subcellular source and localization, and
the magnitude and duration of ROS production [57]. Unlike nonspecific oxidative stress,
redox signaling refers to the controlled generation, sensing, and elimination of reactive
molecules that regulate intracellular signaling pathways through reversible modifications
of redox-sensitive proteins [10,11,58-60].

In lymphocytes, redox signaling is determined not only by the amount of ROS pro-
duced but also by their molecular species, subcellular localization, and temporal dynamics.
Mitochondria and NADPH oxidases (NOXs) represent major sources of signaling ROS,
which regulate key immune processes including antigen receptor activation, metabolic
adaptation, cytokine production, and cell fate determination [16,61,62]. Therefore, disrup-
tion of redox homeostasis does not simply reflect excessive oxidation but represents a failure
of coordinated signaling regulation.

The importance of redox regulation in lymphocyte biology has shifted the traditional
view of ROS from harmful metabolic by-products to dynamic signaling mediators [63,64].
Through precise control of ROS production and elimination, lymphocytes utilize redox
signaling networks to integrate extracellular stimuli with intracellular metabolic states
and functional outcomes, thereby influencing activation thresholds and downstream func-
tional responses [16,62,65,66]. This concept provides the foundation for understanding
how upstream signaling pathways may regulate lymphocyte immunity through redox-
dependent mechanisms.

3.1. ROS as Signaling Molecules During Lymphocyte Activation

ROS-mediated regulation was first recognized in the context of antigen receptor sig-
naling. In lymphocytes, H,O, can function as a redox signaling molecule that modulates
antigen receptor-initiated signal transduction through the reversible oxidation of redox-
sensitive proteins [67,68].

Following antigen receptor engagement, ROS are rapidly generated through both mito-
chondrial pathways and NADPH oxidases. Devadas et al. demonstrated that T cell receptor
stimulation induces discrete production of superoxide and hydrogen peroxide, suggesting
that different ROS are selectively generated during early T cell activation events [48]. These
findings indicate that ROS production during immune activation is spatially and temporally
regulated rather than a nonspecific oxidative response.

Sena et al. demonstrated that mitochondrial ROS are indispensable for antigen-specific
T cell activation, as disruption of mitochondrial ROS generation markedly impaired T cell
activation despite preserved mitochondrial ATP production [16]. Consistent with this
observation, recent advances in immunometabolism have further highlighted mitochondria-
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derived ROS as signaling intermediates that link mitochondrial function to immune-cell
signaling and functional adaptation [10].

Together, these studies highlight the signaling roles of specific ROS and mitochondrial
ROS during lymphocyte activation, while NOX-derived ROS represent another potentially
relevant source of redox signals. The functional outcome of ROS production depends on
the specific ROS, cellular origin, and signaling context.

3.2. Mitochondrial Redox Regulation Links Metabolism to Lymphocyte Functional Adaptation

Among the intracellular sources of ROS, mitochondria are particularly relevant to
lymphocyte biology because mitochondrial activity is tightly coupled to changes in cellular
metabolic demand during activation and differentiation. Mitochondria serve not only
as energy-producing organelles but also as signaling platforms that integrate metabolic
activity with ROS generation. Mitochondria-derived ROS can therefore act as signaling
intermediates linking mitochondrial function to antigen-receptor signaling and downstream
lymphocyte responses [16].

During lymphocyte activation and differentiation, mitochondrial metabolism undergo
extensive remodeling. Naive lymphocytes, activated effector cells, and memory lymphocytes
exhibit distinct metabolic characteristics, reflecting differences in mitochondrial activity,
nutrient utilization, and redox requirements [17-19,69-71]. These metabolic transitions can
influence both mitochondrial ROS production and the cellular capacity to buffer and inter-
pret redox signals. Thus, mitochondrial redox regulation provides a potential mechanistic
link between metabolic state and lymphocyte functional adaptation.

Mitochondria-derived ROS represent an important component of this process. Con-
trolled mitochondrial ROS production can support immune signaling and cellular adapta-
tion. Impaired mitochondrial ROS production has been shown to reduce antigen-specific
T cell activation and expansion. For example, impaired mitochondrial ROS production
has been shown to reduce antigen-specific T cell activation and expansion [15]. Separately,
excessive lipid ROS accumulation has been associated with aberrant T cell activation under
inflammatory conditions [16,72]. Excessive ROS can also damage cellular macromolecules
and disrupt mitochondrial and cellular homeostasis [56]. Antioxidant systems also actively
participate in lymphocyte functional regulation rather than simply preventing oxidative
damage. For example, glutaredoxin-dependent redox regulation has been reported to in-
fluence B cell differentiation, highlighting the importance of intracellular redox control in
shaping immune-cell fate decisions [73]. Together, these observations indicate that mito-
chondrial redox signaling exerts context-dependent effects on lymphocyte function, with
physiological ROS supporting immune activation and dysregulated ROS contributing to
pathological immune responses.

3.3. Context-Dependent Effects of Redox Signaling on Lymphocyte Function and
Immune Homeostasis

Although physiological ROS signaling is essential for immune-cell function, excessive
or persistent ROS production can disrupt redox homeostasis and contribute to immune
dysfunction. The biological consequences of ROS are determined not simply by ROS
abundance but by their cellular source, localization, duration, and the capacity of antioxidant
systems to maintain balance [11,56,57].

During aging, cumulative oxidative stress, impaired mitochondrial quality control,
and reduced antioxidant capacity contribute to immunosenescence and inflammaging,
thereby altering lymphocyte function and increasing susceptibility to immune-related dis-
orders [74,75]. Similarly, pathological environments such as the tumor microenvironment
can reshape immune-cell function through persistent redox imbalance, influencing immune
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adaptation and therapeutic responses [76]. Oxidative-stress-induced telomere instabil-
ity has recently been identified as one mechanism contributing to T cell dysfunction in
cancer [77].

Beyond directly regulating intracellular signaling pathways, dysregulated redox states
can also promote immune activation through damage-associated molecular patterns. Ex-
cessive mitochondrial ROS production may impair mitochondrial integrity and induce
oxidative modification of mitochondrial DNA (mtDNA). Oxidized mtDNA released into
the cytoplasm can be recognized by cyclic GMP-AMP synthase (cGAS), leading to activation
of the cGAS-STING pathway and subsequent induction of type I interferon responses and
inflammatory programs [78-80]. Beyond innate inflammatory signaling, cGAS-STING acti-
vation may also influence adaptive immunity by enhancing immunoproteasome activity and
CD8* T cell activation [81]. This redox—inflammatory coupling is particularly relevant to
aging. Mitochondrial dysfunction and mtDNA instability can sustain inflammatory circuits
and reinforce cellular senescence, providing a mechanistic bridge between organelle stress
and chronic low-grade inflammation [82]. In cancer, the same principle may be co-opted
by the tissue microenvironment: age-associated hormonal changes and chemokine-rich
inflammation can jointly favor immune dysfunction and tumor permissiveness [83]. Thus,
mitochondrial redox dysregulation may contribute to long-term immune remodeling during
aging and cancer, although the specific contribution of lymphocyte-intrinsic mitochondrial
ROS signaling remains to be clarified.

Although excessive ROS accumulation can disrupt immune-cell function, the conse-
quences of redox signaling depend on the balance between ROS generation and antiox-
idant capacity, as well as the specific ROS, cellular source, localization, and duration of
ROS production [11,57]. Collectively, these observations highlight redox homeostasis as a
context-dependent regulatory framework linking antigen-receptor signaling, mitochondrial
metabolism, and lymphocyte functional states [10,16,61]. Identifying upstream signaling
pathways capable of modulating these processes is therefore important for understanding
how lymphocyte redox states are established and remodeled. This framework provides the
basis for examining whether and how GPER1-associated signaling intersects with redox
regulation in lymphocytes.

4. Potential Links Between GPER1 Signaling, Redox Regulation, and
Lymphocyte Immunity

Accumulating studies support an immunomodulatory role for GPER1 in lympho-
cytes, including the regulation of T cell cytokine production and functional differentia-
tion [42,84,85]. Although GPER1 expression has been detected in multiple lymphocyte
populations, including T and B cells, the molecular mechanisms linking GPER1 activation
to lymphocyte functional outcomes remain incompletely understood [6,41]. Current stud-
ies suggest that GPER1 influences immune-cell activation, differentiation, and cytokine
production through multiple interconnected signaling pathways rather than through a
single regulatory mechanism [86].

4.1. GPER1-Mediated Regulation of Lymphocyte Responses

The extent and nature of current evidence for GPER1-mediated regulation differ sub-
stantially among lymphocyte subsets.

4.1.1. GPER1 Regulation of CD4* T Cell Responses

Among lymphocyte populations, CD4* T cells represent the most extensively inves-
tigated context for GPER1-mediated immune regulation. In EAE, selective activation of
GPER1 with G-1 reduced disease severity and was accompanied by decreased production
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of the pro-inflammatory cytokines IFN-y and IL-17 [40]. Consistently, the therapeutic
effect of ethinyl estradiol on established EAE was retained in ERx-deficient mice but lost
in GPER1-deficient mice, together with differential regulation of the anti-inflammatory
cytokine IL-10 [87]. These findings suggest that GPER1 signaling can modulate pathogenic
immune responses in autoimmune inflammation.

Mechanistically, GPER1 activation has been reported to enhance programmed death-1
expression on CD4" T cells, thereby suppressing autoreactive T cell activation and limiting
excessive immune responses [41]. Consistently, Brunsing et al. demonstrated that GPER1
activation promoted IL-10 production in Th17 effector cells, shifting inflammatory T cell
responses toward a more immunoregulatory phenotype [43,88]. These findings suggest that
GPER1 may regulate CD4* T cell responses by modulating immune activation thresholds
and promoting mechanisms associated with immune tolerance. Although pharmacological
studies using enriched CD4* T cell populations provide evidence of GPER1-associated func-
tional responses, they do not fully exclude contributions from residual antigen-presenting
cells or establish T cell-intrinsic receptor dependence.

4.1.2. GPER1 in CD8* T Cell Responses

Whether GPERT1 intrinsically regulates CD8* T cell activation, cytotoxic differentiation,
or memory formation remains to be established. In an acute myeloid leukemia model,
activation of GPER1 enhanced the therapeutic efficacy of venetoclax by promoting leukemic
pyroptosis and improving CD8* T cell immune function [89]. More recently, GPER1 expres-
sion in non-small-cell lung cancer has been associated with distinct patterns of immune-cell
infiltration and immune-checkpoint expression; in lung squamous cell carcinoma, GPER1
expression was also negatively correlated with CD8" T cell infiltration [26]. These ob-
servations suggest that GPER1 may influence CD8* T cell-mediated antitumor immunity
primarily through tumor-cell and microenvironmental remodeling, whereas its cell-intrinsic
roles in CD8* T cell differentiation and memory remain largely unresolved.

4.1.3. GPER1 in Regulatory T Cells and B Cells

Regulatory T cells (Tregs) are essential for maintaining immune tolerance and prevent-
ing excessive immune activation. A clinical study demonstrated that the miR-103/GPER1
axis contributes to Treg differentiation and postoperative immune recovery in patients with
papillary thyroid carcinoma [90], suggesting that GPER1 may participate in regulating
immune tolerance-associated pathways.

In a female mouse model of Parkinson’s disease, estrogen deficiency reduced the
frequency of peripheral Treg cells and aggravated neuroinflammation and neurodegenera-
tion, whereas GPER1 activation restored Treg frequency and alleviated these pathological
changes. Notably, depletion of Treg cells diminished the protective effects of GPER1 activa-
tion, supporting the involvement of Treg-mediated immune regulation in this response [91].
Similarly, in a mouse model of allergic airway inflammation, G-1 treatment increased the
frequencies of Foxp3*CD4* Treg cells and IL-10-producing CD4* T cells, while its anti-
inflammatory effect was abolished in IL-10-deficient mice [92]. Together, these studies
indicate that GPERI1 signaling can promote Treg-associated immunoregulatory responses
in distinct inflammatory settings, although its direct effects on Treg lineage stability and
suppressive function remain incompletely defined.

Compared with T cells, GPER1-mediated regulation of B cell biology remains largely
unexplored. The original identification of GPER1 in lymphoid tissues provided early
evidence suggesting a potential role of GPER1 in lymphocyte biology [93]. Subsequent
studies demonstrated that estrogen signaling contributes to B-cell activation, survival, and
differentiation, establishing a physiological basis for investigating GPER1 involvement in
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humoral immunity [94]. Some evidence from malignant plasma-cell models [95], suggests
that GPER1 signaling may influence B cell lineage-associated processes through regulation
of oxidative stress and cell survival pathways.

Together, the strength and nature of evidence for GPER1-associated regulation vary
considerably among lymphocyte subsets. CD4* T cells have been more extensively investi-
gated, with studies providing direct evidence of GPER1-associated functional responses,
whereas evidence concerning CD8* T cells is largely derived from tumor-associated immune-
infiltration analyses. Evidence for GPER1-specific functions in normal B cells remains partic-
ularly scarce, with existing observations largely originating from broader estrogen-signaling
studies or malignant B-lineage models.

4.2. Context-Dependent Regulation of ROS Homeostasis by GPER1

The relationship between GPER1 signaling and intracellular ROS regulation has
emerged as an important mechanism underlying its diverse biological functions. However,
GPERT1 does not act as a universal antioxidant or pro-oxidant regulator. Instead, evidence
indicates that GPER1 dynamically regulates redox homeostasis according to cellular context,
metabolic state, and pathological conditions [96].

In a cisplatin-induced CKD model, pharmacological activation of GPER1 with G-1
attenuated oxidative stress and restored antioxidant capacity, accompanied by increased
Nrf2 signaling and antioxidant defense [97]. A related study further showed that G-1
treatment enhanced Nrf2/HO-1 signaling and improved biochemical indices of oxidative
injury in cisplatin-treated mice [98]. Beyond renal injury, GPER1 has also been linked to
antioxidant regulation in angiotensin II-induced vascular oxidative stress, where loss of
GPERI1 was associated with reduced catalase activity and increased oxidative stress [99].
In cardiovascular and inflammatory disease models, GPER1 activation reduced ROS ac-
cumulation and enhanced endogenous antioxidant defenses, thereby limiting oxidative
damage [100,101]. Together, these studies suggest that GPER1 can modulate endogenous
antioxidant defenses across different oxidative-stress conditions, with Nrf2-associated sig-
naling and ROS-scavenging systems representing potential components of this regulation.

Conversely, GPER1 activation may also induce ROS generation under specific patho-
logical conditions [12,102]. In mantle cell lymphoma, GPER1 stimulation by G-1 promoted
NOX1-dependent ROS production, resulting in mitochondrial dysfunction and inhibition
of tumor-cell proliferation [12].

More broadly, GPER1 signaling exhibits substantial functional heterogeneity across
tumor types and cellular compartments [103], while oxidative stress can exert divergent ef-
fects on tumor-cell behavior and microenvironmental remodeling depending on ROS source,
magnitude, and cellular context [104]. Rather than simply increasing or decreasing ROS
levels, GPER1 appears to regulate the balance between ROS generation, antioxidant defense,
and cellular adaptation. Such flexibility may be particularly relevant in immune cells.

4.3. Potential Mechanisms Linking GPER1 Signaling to Redox Regulation

Evidence from different experimental models suggests that GPER1 signaling may
in-fluence intracellular redox homeostasis through pathways associated with antioxidant
defense, ROS-generating systems, and mitochondrial regulation [3,12].

In an atherosclerosis model, GPER1 upregulation was associated with activation of the
PI3K/Akt/Nrf2 pathway and enhanced antioxidant responses [12]. GPER1-associated Nrf2
activation has also been reported through other signaling routes, including AMPK-Nrf2
signaling in hepatocytes [105]. Through this mechanism, GPER1 activation may promote
redox adaptation by maintaining antioxidant capacity rather than simply suppressing
ROS production.
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In parallel, MAPK signaling, intracellular calcium mobilization, and NADPH oxi-
dase activity represent potential mechanisms through which GPER1-associated signaling
could intersect with cellular ROS regulation. PLC-IP3-dependent calcium signaling in-
creases intracellular Ca2t levels, which may influence mitochondrial calcium uptake and
mitochondrial ROS production [52,106]. GPER1 has been associated with NOX1-related
redox regulation, although direct mechanistic evidence is limited [107]. NOX1 itself is a
major source of ROS and can participate in EGFR-linked redox signaling in non-immune
models [108,109], suggesting a potential point of crosstalk with GPER1 signaling. Under
pathological conditions, sustained NOX activation can drive excessive ROS production and
oxidative stress. In neurodegenerative disorders, NOX hyperactivation has been implicated
in early oxidative stress and neuroinflammation, which can subsequently disrupt glucose
metabolism, promote mitochondrial dysfunction, and reinforce neurodegenerative pro-
cesses [110]. Together, these mechanisms illustrate how GPER1-associated signaling can
couple receptor activation to intracellular redox regulation, with controlled ROS produc-
tion supporting signaling responses and sustained ROS generation favoring oxidative and
inflammatory stress.

Mitochondria represent another important regulatory platform through which GPER1
may influence redox balance. Mitochondria integrate metabolic demands, ROS production,
and immune signaling, while mitochondria-derived ROS function as important regulators
of immune-cell activation and metabolic adaptation [10]. These observations raise the
possibility that GPER1-associated signaling could influence mitochondrial redox regulation,
although direct evidence for this relationship in lymphocytes remains to be established.

More broadly, mitochondrial regulation extends beyond ROS production itself. Mi-
tochondrial metabolic remodeling and quality-control pathways, including mitophagy,
mitochondrial dynamics, and biogenesis, are essential determinants of lymphocyte fate
decisions [10,111-113] (Figure 4). Taken together, these findings provide a rationale for
investigating whether GPER1 signaling may influence lymphocyte function through mi-
tochondrial redox regulation and associated immunometabolic pathways. However, this
proposed relationship has not yet been directly established in lymphocytes. To clarify the
experimental basis of these potential relationships, Table 1 summarizes the available evi-
dence across different cellular models and distinguishes experimentally supported findings
from proposed mechanistic connections.

Mitochondrial redox homestasis in lymphocyte adaptation

@ mtROS signaling © Redox balance © Mitochodrial adaptation

NADH 9999 9022200 o bof oo 5
FADH, ~ @ @ ” RO Antioxidant
2 0000 O Il joq po| 00 generation l':l])llfi‘_\ @ Metabolic remodeling
o, s o} e, ; — s .1
35 s ®
Y . @ Quality control
)
>
X '
g Redox h " Biogenesis and
mtROS edox homeostasis Lt dynamics

Redox signaling

Figure 4. Mitochondrial redox homeostasis in lymphocyte adaptation. Mitochondria integrate
ROS signaling, redox balance, and metabolic regulation in lymphocytes. Controlled mitochondrial
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ROS production functions as a signaling mechanism, whereas antioxidant capacity maintains redox
homeostasis. In addition, mitochondrial adaptation processes, including metabolic remodeling,
quality control, and biogenesis.

Table 1. Summary of Experimental Evidence Relevant to the Proposed GPER1-Redox Axis in Lym-
phocyte Immunity.

. Experimental o s Relevance to the Proposed
Evidence Category Model Main Findings Axis References
Supports receptor
+
GPER1 expression Human+CD4 and GPERI1 expression detected expression in specific [39]
CD8* T cells :
lymphocyte populations
. GPER1-associated Supports
.GPERl-assoaat.ed EAE models modulation of inflammatory immunomodulatory [41,43]
immune regulation . o
responses and T cell function activity
GPER1-associated ~ Breast cancer cells GPER1-associated activation Provides ev1der.1ce for
. . . . . receptor-associated [3,46,47]
kinase signaling and Jurkat T cells of ERK signaling ) .
signaling pathways
. Supports a potential

GPER1-associated Vascular GPERl—assoaa.ted. connection between GPER1

. : : PI3K/Akt-Nrf2 antioxidant . : o [13]

antioxidant regulation endothelial cells signaling and antioxidant
responses .
regulation
GPER1 agonism associated

GPERI1-associated Mantle cell with NOX1-dependent ROS Supports GPER1-associated [12]

ROS generation

lymphoma cells

production and
mitochondrial dysfunction

redox responses

GPER1-associated

GPER1-dependent protection

. . . t ti
against mitochondrial Ca®* Supports a connection

mitochondrial Cardiac tissue e between GPER1 and [55]
. overload and permeability . . .
regulation b mitochondprial function
transition
Mitochondrial ROS in 1.\/[1tochondr.1al ROS B Estabhshes the funct1qnal

L T cells contribute to antigen-specific importance of mtROS in T [16]

lymphocyte activation L9
T cell activation cells

Mitochondrial
metabolic adaptation

Mitochondrial metabolism
and dynamics contribute to T Provides a biological basis
cell survival, differentiation,  for the proposed model
and activation

T cells [19,114,115]

Note: The findings summarized in this table are based on respective experimental models and should
not be interpreted as evidence that the proposed GPER1-redox axis has been directly established
in lymphocytes.

4.4. GPER1-ROS Axis as a Potential Regulator of Lymphocyte Fate Through Mitochondrial
Redox Adaptation

Mitochondria represent a critical signaling platform integrating receptor-derived sig-
nals, intracellular redox states, and lymphocyte functional programs [69-71,116]. Weinberg
et al. described mitochondria as important signaling platforms that integrate cellular
metabolism and ROS production with immune-cell activation and function [71]. Metabolic
studies further demonstrated that T cell activation and differentiation are accompanied by
substantial remodeling of mitochondrial metabolism, with distinct metabolic programs
supporting effector and memory states [17-19]. Collectively, these observations position
mitochondrial function as an integral component of lymphocyte adaptation, linking ROS
signaling, metabolic flexibility, and transitions between functional states.

https://doi.org/10.3390/antiox15111422


https://doi.org/10.3390/antiox15111422

Antioxidants 2026, 15, 1422

14 of 22

Studies in different experimental models, including malignant lymphoid cells, suggest
that GPERI1 signaling can influence mitochondrial function and ROS-associated responses.
GPER1-mediated activation of the p44/42 MAPK-Drp1 pathway has been implicated in
mitochondrial remodeling [117], indicating that GPER1 signaling can influence mitochon-
drial dynamics beyond its classical kinase-associated effects. In addition, GPER1 activation
by G-1 induces NOX1-dependent ROS production and mitochondrial dysfunction in man-
tle cell lymphoma models, demonstrating that receptor-mediated ROS regulation can be
coupled with mitochondrial responses [12]. Although these findings are mainly derived
from tumor, they suggest potential links between GPER1 signaling, ROS regulation, and
mitochondrial responses.

Mitochondrial ROS should not be interpreted solely as indicators of oxidative damage.
In lymphocytes, controlled mtROS production functions as a signaling mechanism that
regulates antigen receptor signaling, metabolic adaptation, and cellular fate determina-
tion through multiple redox-sensitive pathways, including SATB1-dependent regulation
of TCR signaling [16,118]. Distinct lymphocyte subsets rely on different mitochondrial
metabolic states to maintain their specialized functions: naive and memory T cells depend
predominantly on oxidative phosphorylation to support long-term survival, whereas acti-
vated effector T cells undergo metabolic remodeling to sustain proliferation and cytokine
production [17,18]. Mitochondrial remodeling is closely associated with the metabolic
and functional adaptation of T cells. Ron-Harel et al. demonstrated that T cell activation
induces mitochondrial biogenesis and extensive proteome remodeling, thereby supporting
metabolic pathways required for proliferative responses [114]. Mitochondrial dynamics con-
tribute to T cell fate determination, with distinct mitochondrial organization and metabolic
programs associated with effector and memory T cell development [115]. Mitochondrial
ROS and mitochondrial dynamics have also been implicated in the maintenance of T cell
redox and metabolic homeostasis [119]. Continuous stimulation under hypoxic conditions
induces mitochondrial stress and rapidly promotes T cell exhaustion [120]. Collectively,
these findings indicate that effective mitochondrial adaptation supports T cell metabolic
flexibility and functional persistence, whereas its disruption can contribute to the transition
from adaptive redox signaling toward immune dysfunction.

Given the reported associations between GPER1 signaling and pathways involved in
ROS regulation, antioxidant defense, calcium signaling, and mitochondrial function across
different experimental models, we propose that GPER1 may influence lymphocyte fate
through mitochondrial redox adaptation. For example, mitochondrial metabolites and
quality-control pathways can regulate immune-cell plasticity, as demonstrated by the role
of succinate-driven mitophagy in promoting stem-like CD8* T cell properties [121]. These
findings suggest that modulation of mitochondrial redox states represents a potential mech-
anism through which GPER1 signaling may affect lymphocyte activation, differentiation,
and long-term functional adaptation.

However, direct evidence demonstrating a GPER1-mtROS axis in lymphocytes remains
limited. Future studies integrating conditional GPER1 models, mitochondrial redox sensors,
and single-cell multi-omics approaches will be required to determine whether GPER1-
mediated mitochondrial redox remodeling directly regulates lymphocyte fate decisions.
Taken together, the available evidence provides a rationale for proposing a conceptual
model in which GPER1 may act as an upstream modulator of redox-associated signal-
ing, while mtROS may serve as a potential mediator linking mitochondrial adaptation to
lymphocyte responses.
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5. Future Perspectives

Despite accumulating evidence supporting the involvement of GPER1 in immune reg-
ulation and redox-associated signaling, whether these processes are mechanistically linked
through a GPER1-ROS axis in lymphocytes needs further study to verify. Future studies
should first establish whether GPER1 activation or inhibition directly alters intracellular
redox states in distinct lymphocyte populations and determine whether and how such redox
changes causally influence lymphocyte function. This will require simultaneous assessment
of defined ROS and sources, particularly mitochondrial versus NOX-derived ROS, together
with antioxidant responses, mitochondrial membrane potential, respiration, and lympho-
cyte functional readouts. Genetic manipulation of GPER1, combined with pharmacological
approaches, will be particularly important for distinguishing receptor-dependent effects
from compound-specific responses.

Advanced technologies integrating single-cell transcriptomics, spatial profiling,
metabolomics, and redox proteomics may provide new opportunities to identify GPER1-
associated redox programs at cellular resolution. Such approaches may reveal whether
GPERT1 regulates specific lymphocyte states, including activated, exhausted, memory, or
regulatory populations, under physiological and pathological conditions. A particularly
important question is whether the same GPER1 stimulus produces distinct redox responses
across Th1, Th17, Treg, effector CD8*, memory CD8", and exhausted T-cell states, given their
different metabolic and mitochondrial requirements. Integrating these approaches with
functional perturbation experiments will be necessary to distinguish correlative molecular
signatures from causal GPER1-dependent redox programs.

Furthermore, future studies should determine how disease context and the tissue
microenvironment reshape GPER1-redox interactions. Chronic inflammation, persistent
antigen exposure, metabolic stress, and aging can alter mitochondrial fitness and redox
buffering capacity, potentially changing the functional consequences of GPER1 signaling.
Longitudinal and disease-specific studies will therefore be required to determine whether
GPER1-associated redox regulation contributes to immune adaptation, dysfunction, or
exhaustion under different pathological conditions.

Finally, the pharmacological tractability of GPER1 provides an additional direction
for future investigation. The context-dependent nature of GPER1 signaling argues against
assuming that either receptor activation or inhibition will be uniformly beneficial. Future
studies should therefore define the cell type, ROS source, disease stage, hormonal environ-
ment, and direction of GPER1 modulation required to achieve specific biological effects.
Equally important will be the development and validation of more selective pharmacologi-
cal tools and the use of genetic models to confirm GPER1 dependence. Only after these
context-specific determinants are resolved will it be possible to evaluate whether targeting
GPER1-redox interactions offer a viable strategy for therapeutic immune modulation.

6. Conclusions

This review proposes GPER1-associated redox regulation as a potential mechanistic
interface linking estrogen-responsive signaling with lymphocyte immunity. GPER1 may
influence cellular redox states through coordinated regulation of ROS generation, antiox-
idant defenses and mitochondrial function. In lymphocytes, these processes may shape
activation, metabolic adaptation, and functional fate, although direct evidence establishing
a GPER1-mitochondrial ROS axis remains limited.

The significance of this framework may extend beyond acute lymphocyte regulation.
Persistent mitochondrial redox disturbance can promote mitochondrial damage and in-
flammatory signaling, providing a mechanistic link between redox dysregulation, chronic
inflammation, and cellular aging. Previous studies have also indicated that age-associated
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changes in hormonal and inflammatory environments can contribute to tumor-permissive
conditions. These observations raise the possibility that GPER1-associated redox regulation
may have broader relevance to chronic inflammatory states and cancer.

Thus, defining this context dependence across immune-cell states and disease envi-
ronments will be essential for understanding the broader biological significance of the
GPER1-redox axis.
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Abbreviations

The following abbreviations are used in this manuscript:

ROS reactive oxygen species

GPER1 G protein-coupled estrogen receptor

mtROS  mitochondrial ROS

HPA Human Protein Atlas

EAE experimental autoimmune encephalomyelitis
EGFR epidermal growth factor receptor

PI3K phosphatidylinositol 3-kinase

Nrf2 nuclear factor erythroid 2-related factor 2
cAMP cyclic AMP
PLC phospholipase C

NOXs NADPH oxidases

mtDNA  mitochondrial DNA

cGAS cyclic GMP-AMP synthase
Tregs Regulatory T cells
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