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Primary Sjogren’s syndrome (pSS) is a chronic autoimmune disorder characterized by exocrine gland dysfunction. Vitamin D3
(VD3), known for its immunomodulatory properties, has been implicated in modulating severity and immune responses in pSS,
although the precise mechanisms are yet to be thoroughly investigated. This narrative review consolidates current research re-
garding the role of VD3 in pSS, with emphasis on its relationship with disease activity and immune function. Studies consistently
reveal that VD3 levels are lower in pSS patients, with a negative correlation between VD3 levels and the severity of glandular
damage, particularly in the salivary and lacrimal glands. Additionally, VD3 levels have been significantly associated with immune
function markers, including T cell subset distribution and immunoglobulin levels. Despite the evidence, further investigation is
needed to elucidate the causal relationships and mechanistic pathways involved. Overall, the existing data underscore the poten-
tial role of VD3 in the immunopathogenesis of pSS and suggest it may serve as a potential biomarker and adjunctive therapeutic
target in future disease management approaches.
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Introduction

Primary Sjdgren’s syndrome (pSS) is a chronic au-
toimmune disease characterized primarily by dysfunction
of exocrine glands, resulting in persistent symptoms such
as dry mouth, excessive thirst, swallowing difficulties, in-
creased risk of dental caries, and dry eyes. Beyond the ex-
ocrine glands, pSS can affect various non-exocrine organs,
including joints, skin, lungs, and nervous system, resulting
in diverse clinical manifestations [1].

PSS can occur independently (primary) or in associa-
tion with other autoimmune diseases (secondary). Its epi-
demiology shows considerable geographical variation, yet
pSS is generally considered a relatively common autoim-
mune disease. The global prevalence of pSS ranges from
0.01% to 2.7%, with a substantially higher incidence in
females than males, at a ratio of approximately 9:1 [2,3].
However, the prevalence rates vary significantly across re-
gions, with higher incidence observed in areas such as
Northern Europe [4], the Middle East [5], South Asia [6],
Sub-Saharan Africa [7], and the United States [8]. Al-
though the condition most commonly occurs in middle-
aged to older individuals, it can also affect younger indi-
viduals [9]. The exact etiology of pSS remains unclear;
however, its pathogenesis has been reported to involve a
combination of genetic predisposition, environmental fac-

tors, hormonal impacts, and immune system dysregulation
[10].

Vitamin D3 (VD3), also known as cholecalciferol, is
crucial not only for maintaining bone health but also plays
a vital role in regulating the immune system [11]. As a
fat-soluble vitamin, VD3 can be synthesized endogenously
through exposure of the skin to ultraviolet B (UVB) radia-
tion or obtained from dietary sources and supplements. In
immune modulation, VD3 binds to the vitamin D recep-
tor (VDR), a nuclear receptor that regulates gene expres-
sion and consequently influences the function of various
immune cells (ICs) [12]. VD3 helps inhibit hyperactive im-
mune responses by reducing aberrant T cell activation and
autoantibody production seen in autoimmune diseases, thus
alleviating autoimmune attacks. It also promotes the dif-
ferentiation of regulatory T cells (Tregs), which are crucial
for maintaining immune tolerance and dampening exces-
sive immune responses [ 13—17]. Furthermore, it downreg-
ulates pro-inflammatory cytokines while upregulating anti-
inflammatory factors, such as interleukin (IL)-10, thereby
modulating inflammatory responses [18]. While VD3 ex-
hibits immunosuppressive effects in the context of autoim-
munity, it also enhances innate immune responses, includ-
ing macrophage function, to combat infections [19]. Given
its pivotal role in immune modulation, serum VD3 lev-
els have been closely associated with the risk and disease
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activity (DA) of various autoimmune disorders. Studies
have suggested that low levels of VD3 are associated with
a higher risk of developing autoimmune diseases, particu-
larly Sjogren’s Syndrome [20-24]. This association may
be due to the disruption of immune balance by VD3 defi-
ciency, elevating susceptibility to immune-mediated dam-
age of exocrine glands and other tissues [25]. However, the
precise molecular mechanisms through which VD3 modu-
lates autoimmune conditions remain to be fully elucidated,
and further research is required to investigate its potential as
a preventive or therapeutic agent in autoimmune diseases.

In summary, pSS is a complex autoimmune disease
with diverse clinical manifestations and underlying etiolo-
gies. VD3, a key regulator of immune function, plays a
crucial role in maintaining immune balance and suppress-
ing autoimmune responses. The association between VD3
deficiency and autoimmune diseases suggests the potential
of VD3 supplementation as an adjunctive therapeutic strat-
egy in managing conditions like pSS.

Role of VD3 in Immune Regulation

Underlying Mechanisms and Immunomodulatory
Role of VD3 Within the Immune System

VD3, the biologically active form of the vitamin D
family, plays a crucial role in regulating the human immune
system. It contributes to multiple aspects of immune re-
sponses through intricate mechanisms, ranging from mod-
ulating the differentiation and function of ICs to directly
participating in anti-inflammatory processes and regulating
autoimmune conditions, thus exerting broad immunologi-
cal impacts throughout immune activity [26]. The synthe-
sis of VD3 begins in the skin, where 7-dehydrocholesterol is
converted into cholecalciferol upon exposure to UVB radia-
tion. This precursor is then hydroxylated in the liver to form
25-hydroxyvitamin D3, which is subsequently converted
into its active form, 1,25-dihydroxyvitamin D3, in the kid-
neys. This active metabolite binds to the VDR, which is
extensively expressed not only in classical target tissues
but also across numerous ICs, including T cells, B cells,
macrophages, dendritic cells (DCs), and neutrophils [27].

Moreover, in antigen-presenting cells (APCs), such as
DCs, VD3 inhibits maturation and reduces antigen presen-
tation by downregulating co-stimulatory signals, thereby
suppressing T cell activation. This immunomodulatory ef-
fect plays a critical role in controlling excessive immune re-
sponses and maintaining immune tolerance. Furthermore,
VD3 promotes the proliferation and function of Tregs,
which are crucial for maintaining self-tolerance and sup-
pressing autoreactive T cell activation [28]. Thus, VD3
helps to restrict inappropriate immune attacks, especially
those observed in autoimmune diseases. Additionally, VD3
also impacts T cell differentiation by inhibiting the develop-
ment of Th1 and Th17 cells and alleviating their production
of pro-inflammatory cytokines, including IL-6, IL-12, in-
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terferon (IFN)-v, and IFN-«a. Concurrently, VD3 enhances
the production of anti-inflammatory cytokines, such as IL-
10, thereby contributing to immune homeostasis and reduc-
ing the occurrence and progression of inflammatory and au-
toimmune responses.

Moreover, VD3 plays a vital role in regulating hu-
moral immune responses by influencing B cell maturation
and modulating antibody production, thereby preventing
tissue damage associated with the accumulation of aberrant
immune complexes. It also directly participates in anti-
inflammatory processes by stimulating programmed cell
death (apoptosis) of inflammatory cells, reducing their re-
plenishment, and downregulating the activity of the nu-
clear factor-kappa B (NF-xB), a key transcription factor
in inflammatory signaling, leading to decreased produc-
tion of pro-inflammatory mediators and the overall inhi-
bition of systemic inflammation [26,28]. These charac-
teristics underscore the therapeutic potential of VD3 in
managing chronic inflammatory diseases. Furthermore,
VD3 enhances innate immunity by promoting the phago-
cytic and bactericidal capabilities of immune cells such
as macrophages, thereby improving their ability to clear
pathogens. This function is particularly crucial in suscepti-
ble sites such as the respiratory and gastrointestinal tracts,
substantially contributing to the host’s defense against in-
fectious diseases. The immunomodulatory role of VD3
is particularly pivotal in the context of autoimmune dis-
eases. Studies have reported a close association between
VD3 deficiency and elevated disease activity in various au-
toimmune diseases, including multiple sclerosis, rheuma-
toid arthritis, and type 1 diabetes [29,30]. Through its com-
bined immunomodulatory and anti-inflammatory mecha-
nisms, VD3 may help reduce or delay the development of
autoimmune conditions, highlighting its potential as a pre-
ventive therapeutic agent.

In summary, VD3 plays a crucial role in maintaining
immune system homeostasis and responsiveness by regulat-
ing the development, activity, and function of ICs, as well
as contributing to anti-inflammatory and anti-microbial
processes. These immunological properties provide valu-
able insights into the underlying mechanisms of immune
regulation and open novel avenues for therapeutic interven-
tions, particularly in the management of autoimmune dis-
eases and the prevention and control of infectious diseases.
Fig. 1 illustrates the mechanisms and immunological effects
of VD3 within the immune system.

Effects of VD3 on the ICs

VD3 has garnered increasing attention in recent years
due to its direct, cell-specific immunoregulatory functions.
Apart from systemic effects, VD3 precisely regulates the
differentiation, activation, and functional outcomes of vari-
ous immune cell types involved in both innate and adaptive
immunity [27,28]. Its interaction with immune cells begins
with binding to the VDR, triggering transcriptional pro-
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Fig. 1. Mechanisms and immunological impacts of Vitamin D3 (VD3) within the immune system. This figure illustrates the

metabolic activation of VD3 from skin to liver and kidney, leading to the production of active 1,25-dihydroxyvitamin D3, which binds

to vitamin D receptors (VDRs) in immune cells. VD3 modulates innate immunity by enhancing phagocytic capacity and downregulating

pro-inflammatory genes via nuclear factor-kappa B (NF-xB) inhibition. It also shapes adaptive immunity by suppressing Th1 and Th17
responses (| interferon (IFN)-v, | interleukin (IL)-12, | IL-6, | IL-17, | IL-22) and promoting regulatory T cells (1 regulatory T cell
(Treg), 1T IL-10), while inhibiting dendritic cell maturation and B cell activity. The figure was created with BioRender.com. ICs, immune

cells; VDR, vitamin D receptor; DC, dendritic cell.

grams that modulate cytokine profiles, cell surface marker
presentation, and effector functions. Although the VDR-
mediated signaling process is shared across various cell
types, the downstream effects of VD3 are tailored to the
distinct roles of each cell subset.

In APCs, particularly DCs, VD3 promotes a tolero-
genic state by reducing maturation, antigen presentation,
and the expression of co-stimulatory molecules. These
changes reduce naive T cell activation and redirect their
differentiation away from pro-inflammatory subsets. No-
tably, VD3 facilitates the development of Treg cells, which
are essential for maintaining immune tolerance and control-
ling autoimmune responses [31]. In the context of effec-
tor T cells, VD3 suppresses the differentiation of Th1 and
Th17 cells, key contributors to the pathogenesis of many
autoimmune and inflammatory disorders, by downregulat-
ing pro-inflammatory cytokines such as IFN-v and IL-6,
while upregulating anti-inflammatory cytokine IL-10. This
regulation of cytokines promotes a balanced immune envi-
ronment and helps mitigate excessive inflammation and im-

munopathology [32]. In terms of B cell modulation, VD3
influences their maturation and differentiation into plasma
cells, as well as regulating immunoglobulin secretion. It
reduces the survival of autoreactive B cells and inhibits the
formation of pathogenic immune complexes, thereby offer-
ing protection against autoantibody-mediated tissue dam-
age [33].

Beyond its effects on lymphocyte modulation, VD3
enhances the anti-microbial activity of innate ICs such as
macrophages and neutrophils by stimulating chemotaxis,
phagocytosis, and intracellular pathogen killing [34]. VD3
also promotes the resolution of inflammation by triggering
apoptosis in activated ICs and suppressing the recruitment
of new inflammatory infiltrates through the downregulation
of pro-inflammatory mediators.

Importantly, VD3 is gaining recognition in tumor im-
munology due to its ability to induce cell cycle arrest, in-
hibit tumor cell proliferation, and promote apoptosis in ma-
lignant cells [35]. Furthermore, it also enhances immune
surveillance by increasing the ability of cytotoxic T lym-
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phocytes and natural killer (NK) cells to recognize and
eliminate transformed cells [36]. These anti-tumor effects
underscore the potential of VD3 as an adjunct in cancer im-
munotherapy. Emerging evidence also suggests that VD3
may influence the composition of gut microbiota, which
may indirectly modulate systemic immune responses [37].
Although this area remains under active investigation, it
highlights the increasing understanding of VD3’s expanded
immunomodulatory capabilities.

In conclusion, VD3 exerts cell-specific immunoreg-
ulatory effects by coordinating the activity of various im-
mune cell types. Through its influence on APCs, T and B
lymphocytes, and phagocytes, VD3 helps maintain immune
equilibrium, prevent autoimmunity, increase anti-microbial
defense, and potentially suppress tumorigenesis. These
complex cellular interactions underscore the crucial role of
VD3 in immune regulation and its potential in clinical inter-
ventions. Fig. | illustrates the cell-specific immunological
effects of VD3 within the immune system.

Evaluation of VD3 Levels in Patients With pSS

Measurement of Serum VD3 Levels in Patients With
pSS

In recent years, as understanding of the disease mech-
anisms has advanced, the role of VD3 in pSS has gained
increasing attention, becoming a prominent research focus.
Numerous studies have shown that serum VD3 levels are
considerably lower in pSS patients compared to healthy in-
dividuals [38,39]. Beyond its crucial role in regulating cal-
cium and phosphate metabolism, VD3 also directly partic-
ipates in modulating immune responses, making it a key
factor in the immunopathology of pSS.

VD3 interacts with the VDR expressed on ICs, influ-
encing their proliferation, differentiation, and functional ac-
tivity. These immunomodulatory effects include inhibit-
ing the activation of autoreactive T cells, promoting the
proliferation of Tregs, and regulating B cell differentiation
and antibody production. Therefore, a deficiency or in-
sufficiency of VD3 can theoretically lead to disruption of
immune imbalance, potentially inducing autoimmune re-
sponses, an effect closely related to the pathogenesis of pSS.
In pSS patients, low serum VD3 levels have been linked to
DA, severity of salivary gland damage, and abnormal dis-
tribution of peripheral immune cell subsets (r =—0.444, p <
0.001), indicating a potential role of VD3 in regulating dis-
ease progression and immune dysregulation [40]. Further-
more, it has been reported that VD3 levels are substantially
lower in patients with active pSS and are positively corre-
lated with the pSS disease activity index (pSSDAI) scores
(r=-0.781, p < 0.001) [38]. These observations suggest
that serum VD3 not only serves as a biomarker of disease
activity but also as a dynamic indicator of immune system
fluctuations in pSS.
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Additionally, correlation analysis between VD3 levels
and specific symptoms in pSS patients reveals that lower
serum VD3 levels are significantly associated with more
severe symptoms of dry mouth and dry eyes, increased fa-
tigue, and diminished quality of life, further highlighting
the potential role of VD3 in alleviating clinical symptoms
and improving overall well-being in pSS patients [41]. Sim-
ilarly, a study explored the therapeutic potential of VD3
supplementation in pSS patients, aiming to restore serum
VD3 levels, rebalance immune function, alleviate clinical
symptoms, and possibly delay disease progression [42].
While existing research provides compelling evidence link-
ing VD3 to pSS, further high-quality clinical trials and
mechanistic research are needed to elucidate causal associ-
ations, investigate underlying pathways, and determine the
exact effects and optimal dosage of VD3 supplementation
in managing pSS.

Current Status of Serum VD3 Levels in Patients With
pSS

pSS primarily affects the lacrimal and salivary glands,
resulting in the hallmark symptoms of dry mouth and dry
eyes, often accompanied by widespread systemic manifes-
tations. Inrecent years, increasing research has consistently
reported significantly reduced serum VD3 levels in pSS pa-
tients (r = —0.38, p < 0.01), a finding that not only en-
hances our understanding of the disease pathogenesis but
also opens new avenues for clinical management [38,43].
VD3 is crucial for maintaining skeletal health and plays
a vital role in immune regulation. Through its influence
on the function of ICs, such as inhibiting autoimmune re-
sponses and regulating the activity of T and B cells, VD3
indirectly participates in the development and progression
of various autoimmune diseases, including pSS [44].

In the context of pSS, low VD3 levels have been as-
sociated with increased DA, worsening of exocrine gland
damage, and imbalance in specific IC subsets. These asso-
ciations suggest that VD3 may directly or indirectly medi-
ate the immunopathological mechanisms underlying pSS.
Several studies have shown that serum VD3 levels in pSS
patients are considerably lower compared to healthy con-
trols, with this reduction closely correlating with key clini-
cal manifestations, including the severity of dry mouth and
eyes, increased fatigue, and reduced quality of life [45—
47]. Furthermore, other studies have revealed associations
between VD3 levels and both the diversity and concentra-
tion of autoantibodies in pSS patients, reinforcing the com-
plex immunoregulatory role of VD3 in disease progression
[45,48]. Some research suggests that reduced VD3 may
promote the overactivation of B cells and elevated autoan-
tibody production, a hallmark of pSS pathology [49].

Furthermore, VD3 deficiency has been associated
with a higher risk of respiratory infections in pSS patients,
possibly due to VD’s role in maintaining the integrity of
the mucosal barrier and supporting immune defense mech-
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anisms in the upper respiratory tract [39]. Research also
demonstrates that appropriate supplementation of VD3 can
alleviate some symptoms, enhance overall quality of life,
and potentially help manage DA in pSS patients [50]. The
current evidence regarding serum VD3 levels in pSS pa-
tients reveals a close association between VD3 and the dis-
ease’s underlying pathophysiology, suggesting its potential
application as a biomarker for evaluating DA and progno-
sis, and also as a promising therapeutic target in the clinical
management of pSS [51].

Relationship Between VD3 Levels and Disease
Severity

Overview of the Relationship Between VD3 Levels
and Disease Severity

pSS is a prevalent autoimmune disorder character-
ized by dysfunction of the exocrine glands, particularly the
lacrimal and salivary glands, resulting in persistent symp-
toms such as dry mouth and dry eyes, often accompanied by
systemic involvement [52]. VD3, which is typically syn-
thesized in the skin upon exposure to ultraviolet radiation
or acquired through dietary sources, undergoes hepatic and
renal hydroxylation to produce its biologically active form,
1,25-dihydroxyVD3. This active form binds to VDRs ex-
pressed on ICs, thereby regulating their proliferation, dif-
ferentiation, and function to modulate immune responses
[53].

In patients with pSS, studies have consistently found
substantially lower serum VD3 levels compared to healthy
controls, prompting exploration into the underlying con-
nection between VD3 deficiency and disease severity [54].
Several studies have reported a significant inverse correla-
tion between VD3 levels and DA in pSS patients (r =-0.44,
p < 0.001), suggesting that lower VD3 levels are associ-
ated with higher DA, more severe salivary gland inflamma-
tion, pronounced exocrine dysfunction, increased fatigue,
and decreased quality of life [55-57]. These observations
suggest a potential immunomodulatory role of VD3 in re-
ducing disease progression by regulating immune balance
and suppressing excessive autoimmune responses.

Furthermore, low VD3 levels in pSS patients have
been correlated with IC subsets, including B cell hyperac-
tivity, increased autoantibody production, and imbalanced
proportions of T cell subsets, specifically decreased Tregs
function and increased proportions of pro-inflammatory
Thl and Thl7 cells, all of which are key contributors to
the immunopathogenesis of pSS [58]. Through its impacts
on immune cell differentiation and function, VD3 may help
regulate autoimmune responses and reduce tissue damage.

Additionally, VD3 status has been associated with sys-
temic inflammatory markers in pSS patients, with VD3
deficiency accompanying elevated levels of inflammatory
cytokines such as IL-6 and TNF-q, suggesting that VD3
may exert protective anti-inflammatory effects in pSS [59].

Therefore, monitoring and managing VD3 deficiency could
serve as a valuable adjunctive therapeutic strategy in treat-
ing pSS, potentially alleviating symptoms, reducing inflam-
mation, and enhancing patient outcomes.

Mechanistic Studies of the Relationship Between
VD3 Levels and Disease Severity

The decrease in VD3 levels not only reflects the under-
lying disease state in pSS but may also directly participate
in its pathophysiology by influencing disease progression
and clinical manifestations through complex immune regu-
latory mechanisms [58]. While VD3 is traditionally known
for its role in supporting bone health, it also serves as a po-
tent immunomodulator. Upon binding to the VDR on ICs,
VD3 influences gene expression, thereby regulating vari-
ous aspects of immune system activity [60,61]. This im-
munomodulatory function helps alleviate autoimmune re-
sponses and reduce inflammation in pSS [62].

Furthermore, VD3 exerts significant impacts on B
cells, regulating their maturation and differentiation, in-
hibiting the activation of autoreactive B cells, and reducing
the production of autoantibodies, including anti—Sjogren’s-
syndrome-related antigen A antibody(anti-SSA) and anti—
Sjogren’s-syndrome-related antigen B antibody (anti-SSB)
antibodies, which are key biomarkers in pSS associated
with DA [58]. These mechanisms not only aid in explain-
ing why pSS patients with low VD3 levels often exhibit el-
evated autoimmune activity and more severe clinical symp-
toms but also support the potential of VD3 as a therapeutic
target.

Additionally, VD3 regulates the immune microenvi-
ronment within salivary and lacrimal glands by inhibit-
ing local immune cell infiltration and inflammatory re-
sponses, thereby alleviating glandular damage and dysfunc-
tion, which directly correlates with improvement in hall-
mark symptoms of pSS [63]. Studies have demonstrated
that pSS patients with lower serum VD3 levels tend to have
more severe glandular inflammation and histopathological
damage, further highlighting the protective role of VD3 in
maintaining glandular function [64]. Furthermore, VD3 has
been found to inhibit the NF-xB signaling pathway, leading
to reduced production of pro-inflammatory cytokines and
enhanced tissue repair process, which may play a crucial
role in limiting tissue damage and contributing to disease
stability in pSS patients [63].

Correlation Between VD3 Levels and Immune
Function

Overview of the Association Between VD3 Levels
and Immune Function

VD3 plays a crucial role in the human body, not
only facilitating calcium absorption and promoting skele-
tal health, but also actively contributing to immune system
regulation. This immunomodulatory function is particu-
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larly prominent in patients with pSS. pSS is characterized
by dysfunction of the exocrine glands, leading to hallmark
symptoms such as dry mouth and eyes, and may involve
systemic manifestations affecting multiple organ systems
[65]. VD3 exerts its effect by binding to VDRs expressed
on ICs, including T cells, B cells, and anti-inflammatory
macrophages. Through this interaction, VD3 impacts intra-
cellular signaling pathways, regulates cytokine production,
and modulates IC activity. These mechanisms are criti-
cal for maintaining immune homeostasis and self-tolerance,
and for preventing the disrupted immune responses charac-
teristic of autoimmune diseases such as pSS.

In patients with pSS, VD3 levels are generally low, a
finding closely associated with DA, severity of symptoms,
and pathological damage to exocrine glands. This suggests
that VD3 serves not only as a biomarker reflecting disease
status but also as a key contributor to the disease pathogene-
sis [59]. The deficiency of VD3 in pSS patients may disrupt
the balance of T cell subsets by promoting the differentia-
tion of pro-inflammatory Th1 and Th17 cells while concur-
rently suppressing the development of Treg cells, which are
crucial for immune tolerance. This imbalance exacerbates
autoimmune responses, resulting in chronic inflammation
and progressive damage to the exocrine glands and other
affected tissues.

Furthermore, VD3 also influences B-cell maturation
and autoantibody production. In pSS patients, reduced
serum VD3 levels have been associated with decreased lev-
els of autoantibodies such as anti-SSA and anti-SSB (p <
0.001), further substantiating the potential role of VD3 in
modulating humoral immune responses [54]. These obser-
vations suggest that sufficient VD3 levels may help control
autoantibody production and contribute to delaying the pro-
gression of the disease.

Mechanistic Studies on the Relationship Between
VD3 Levels and Immune Function

PSS, a prototypical autoimmune disease, is character-
ized by aberrant activation of the immune system (IS), lead-
ing to dysfunction of the exocrine gland and involvement of
multiple systems. In recent years, growing research inter-
est has focused on the intricate relationship between VD3
and immune function in pSS, offering novel insights into
the modulation of immune balance and the potential to al-
leviate disease progression through VD3 regulation. Al-
though traditionally known for its role in maintaining bone
health, VD3, a fat-soluble vitamin, possesses potent im-
munomodulatory potential. It exerts its effects by binding
to VDRs expressed on ICs, thereby influencing cell prolif-
eration, differentiation, and functional activity, making it a
key molecule in the immunopathological processes of pSS.

In patients with pSS, VD3 levels are frequently lower
than those of healthy controls, and this decline is signifi-
cantly correlated with DA, greater exocrine gland damage,
and abnormal B cell activation [66]. This evidence sug-
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gests that VD3 reduction not only reflects the current dis-
ease status but may also contribute critically to disease pro-
gression. VD3 mitigates systemic inflammation by inhibit-
ing the NF-xB pathway, resulting in reduced production of
pro-inflammatory cytokines such as IL-6 and TNF-«. Si-
multaneously, VD3 intervenes in T cell differentiation by
suppressing pro-inflammatory Th1 and Th17 cells while en-
hancing the quantity and function of immunosuppressive
Treg cells, thereby improving immune tolerance and allevi-
ating autoimmune responses [67].

Regarding B cells, the regulatory role of VD3 is
equally significant. In pSS, overactivated B cells produce
large quantities of autoantibodies, such as anti-SSA and
anti-SSB, which serve as diagnostic markers and also con-
tribute significantly to tissue damage. Studies have re-
vealed that VD3 can modulate B cell maturation, differ-
entiation, and antibody production, potentially alleviating
the levels of pathogenic autoantibodies and limiting damage
to affected organs [68]. Furthermore, VD3 modulates the
immune microenvironment by regulating communication,
migration, and homing of ICs, thereby regulating inflam-
matory responses and promoting tissue repair. Therefore,
VD3 serves not only as a potential marker of immune im-
balance in pSS but also as an active modulator of immune
responses across various stages of the disease, from initial
immune activation to the effector phase. These findings un-
derscore VD3’s potential as a novel strategic target for both
the prevention and management of pSS.

Supplementation of VD3 may potentially restore
physiological levels, correct immune dysregulation, alle-
viate clinical symptoms, and potentially attenuate disease
progression. However, further clinical studies are needed to
determine optimal dosage, timing of treatment, and the im-
pact of individual variability to fully harness the therapeutic
potential of VD3 in pSS, optimize treatment regimens, and
improve patient quality of life.

VD3 Levels and Their Relationship With the
Thyroid and Parathyroid Glands

Overview of the Relationship Between VD3 Levels
and the Thyroid and Parathyroid Glands

In recent years, research on the association between
pSS and VD3 levels has gradually expanded to include
investigations into its potential effects on thyroid and
parathyroid function, underscoring the intricate role of this
endocrine-immune axis in autoimmune regulation. While
pSS is primarily characterized by immune-mediated dam-
age to exocrine glands, its widespread immune dysregula-
tion also involves other components of the endocrine sys-
tem, particularly the thyroid and parathyroid glands, which
are closely linked to VD3 metabolism and function. The de-
creased VD3 levels in pSS patients not only reflect preva-
lent nutritional and metabolic abnormalities but also indi-
cate exacerbated immune dysfunction [69]. Research has
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proved a strong correlation between VD3 deficiency and
high DA in pSS, suggesting that VD3 may play a crucial
role in modulating immune balance, potentially impacting
thyroid and parathyroid function, through direct or indirect
mechanisms [56].

Although the thyroid and parathyroid glands have
distinct physiological functions, they are closely linked
through their role in calcium-phosphate metabolism and
systemic hormonal regulation, collectively maintaining
overall homeostasis. Regarding thyroid function, while
conclusive evidence demonstrating a causal relationship be-
tween VD3 levels and thyroid dysfunction in pSS patients
remains limited, VD3 may indirectly affect thyroid func-
tion. VD3 is involved in regulating the secretion and func-
tion of multiple hormones, including thyroid-stimulating
hormone (TSH), and may thereby affect thyroid hormone
synthesis and release [70]. Importantly, thyrotoxicosis has
been observed in some pSS patients, accompanied by mild
hypertension, suggesting shared autoimmune mechanisms
or disruptions in endocrine feedback regulation [71].

The relationship between parathyroid function and
VD3 is widely recognized. Research has indicated that
parathyroid hormone (PTH) and VD3 play central roles
in maintaining blood calcium homeostasis. In response to
hypocalcemia, PTH increases calcium absorption, bone cal-
cium resorption, and renal calcium reabsorption [72]. VD3
deficiency can disrupt this balance, resulting in elevated
PTH levels as a compensatory mechanism, which can even-
tually predispose individuals to secondary hyperparathy-
roidism.

Mechanistic Studies of the Relationship Between
VD3 Levels and the Thyroid and Parathyroid Glands

In patients with pSS, reduced VD3 levels are closely
associated with increased DA, immune dysfunction, and ex-
acerbated inflammation of the exocrine gland. These cor-
relations highlight the potential critical role for VD3 in the
immunopathology of pSS. When focusing its effects on the
thyroid and parathyroid glands, the mechanisms through
which VD3 acts appear to be more complex. The thyroid
gland is the primary metabolic regulator, influencing cru-
cial physiological processes such as energy expenditure,
thermoregulation, and growth through the secretion of thy-
roid hormones. VD3 deficiency may disrupt this balance
by indirectly affecting thyroid hormone synthesis and se-
cretion, and may also increase the risk of autoimmune thy-
roid diseases, such as Graves’ disease or Hashimoto’s thy-
roiditis, through its effects on immune tolerance and al-
tering hormone regulatory pathways [73]. These autoim-
mune conditions have been observed in some pSS patients,
reflecting the broader systemic nature of autoimmune re-
sponses. The primary function of the parathyroid gland
is to maintain calcium homeostasis through the secretion
of PTH. VD3 and PTH work in a tightly regulated feed-
back loop within calcium-phosphate metabolism. VD3 de-

ficiency reduces intestinal calcium absorption, stimulating
a compensatory increase in PTH levels, which promotes
calcium release from bone and enhances renal tubular cal-
cium reabsorption to restore serum calcium levels (p <
0.001) [74].

In patients with pSS, low VD3 levels may indirectly
affect calcium-phosphate metabolism, thereby influencing
bone health and overall endocrine homeostasis through
mechanisms mediated by PTH [51]. Studies have indi-
cated an association between VD3 deficiency and the devel-
opment of primary hyperparathyroidism, highlighting the
foundational role of VD3 in regulating parathyroid func-
tion and in preventing both secondary and primary hyper-
parathyroidism [75-77].

Reduced VD3 levels in pSS affect endocrine function
through multiple mechanisms, by modulating immune re-
sponses that may indirectly disrupt thyroid function, and
by directly affecting calcium-phosphate balance through its
regulatory effects on the parathyroid glands. These inter-
connected mechanisms enhance our understanding of the
complex pathophysiology of pSS and open new perspec-
tives for potential therapeutic strategies. VD3 supplemen-
tation, by maintaining immune balance and supporting en-
docrine function, potentially alleviates symptoms and slows
disease progression. These insights underscore the clinical
significance of monitoring and maintaining optimal VD3
levels in the management of pSS. Future research should
further elucidate the precise molecular mechanisms under-
lying these interactions and validate the efficacy of VD3
supplementation in clinical settings. This will help open the
way for more targeted and comprehensive treatment options
for patients with pSS.

Limitations and Inconsistencies

Although increasing evidence supports the role of
VD3 in immune regulation and its correlation with disease
activity in pSS, several limitations and inconsistencies must
be acknowledged. First, the majority of existing studies are
observational and cross-sectional, limiting the ability to in-
fer causal relationships between VD3 levels and immune
dysfunction. Second, significant heterogeneity exists in the
methodologies used to evaluate VD3 levels—some studies
measure serum 25(0OH)D3, while others assess its active
form, 1,25(OH),D3—Ileading to inconsistencies in reported
concentrations and their clinical interpretations. Addition-
ally, population-level factors such as ethnicity, geographic
location, sunlight exposure, dietary habits, and underlying
health conditions may influence VD3 metabolism and im-
mune response, further contributing to variability across
findings. The lack of unified thresholds for defining VD3
deficiency complicates cross-study comparisons and data
analysis. Moreover, immunological assessment also differs
considerably, with variations in T and B phenotyping, cy-
tokine profiling methods, and criteria for assessing disease
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activity which restricts the comparability of immunologi-
cal observations. While some interventional studies sug-
gest that VD3 supplementation may provide therapeutic ad-
vantages in pSS, these studies vary significantly in terms of
dosage, treatment duration, and clinical outcomes, making
it difficult to draw definitive conclusions or generalize the
findings.

To address these limitations, there is a need for well-
designed prospective cohort studies and randomized con-
trolled trials to elucidate the therapeutic potential of VD3
in managing pSS. These studies should focus on VD3 in
the context of pSS, and should adopt standardized methods
for VD3 detection, establish uniform criteria for defining
deficiency thresholds, and incorporate comprehensive im-
munological profiling. Stratifying patients based on clini-
cal phenotype, disease stage, and baseline VD3 status will
be critical in identifying subgroups most likely to benefit
from supplementation. Furthermore, mechanistic studies
are warranted to explore the molecular pathways through
which VD3 modulates immune cell function in pSS. Such
approaches will not only enhance our understanding of
VD3’s role as a biomarker but also support its develop-
ment as a potential adjunctive agent. Ultimately, these ef-
forts will contribute to more targeted and individualized ap-
proaches for managing pSS.

Conclusion

VD3 deficiency is commonly observed in patients
with pSS and is closely associated with increased disease
activity and immune system disturbances, including T and
B cell dysregulation and elevated autoantibody production.
Emerging evidence suggests that VD3 acts not only as a
nutritional component but also as a key immunomodula-
tory agent, influencing both innate and adaptive immune
responses. By suppressing pro-inflammatory cytokine pro-
duction, inhibiting dendritic cell maturation, downregulat-
ing Th1 and Th17 responses, and enhancing the function of
regulatory T cells, VD3 helps promote immune tolerance
and reduce chronic inflammation in pSS.

Given these immunological impacts, VD3 holds po-
tential as a biomarker reflecting disease severity and im-
mune dysfunction, as well as a promising adjunctive thera-
peutic target. However, further mechanistic investigations
and well-structured prospective clinical trials are needed to
validate its role and to establish standardized strategies for
VD3 assessment and supplementation in the clinical man-
agement of pSS.
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