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Abstract

Type 2 diabetes mellitus (T2DM) is a progressive metabolic disorder
initiated by insulin resistance, leading to compensatory hyperinsu-
linemia, B-cell exhaustion, and chronic hyperglycemia. It is a major
global health burden associated with macrovascular and microvas-
cular complications. Dysregulation of the renin-angiotensin system
(RAS), Antioxidant pathway, inflammation, and vitamin D signaling
interact in a self-perpetuating metabolic loop driving disease progres-
sion. Hepatic insulin resistance plays a central role, while glucotoxic
pathways distinguish T2DM from obesity. This review aims to exam-
ine the molecular cross-talk among the RAS, antioxidant pathway,
inflammation, and vitamin D signaling pathways in T2DM pathogen-
esis. It seeks to clarify how their interactions drive insulin resistance,
B-cell dysfunction, and complications, thereby supporting the devel-
opment of more precise, mechanism-based therapeutic strategies.
The RAS plays a central role in T2DM through overactivation of the
angiotensin-converting enzyme/angiotensin Il/angiotensin II receptor
type 1 (ACE/Ang II/AT1R) axis, promoting insulin resistance, B-cell
apoptosis, oxidative stress (OS), inflammation, and vascular dam-
age, while the ACE2/Ang-(1-7)/Mas axis offers protective effects.
Ang Il-induced ROS production disrupts antioxidant defenses and
accelerates glucotoxicity. Chronic low-grade inflammation, marked
by increased interleukin-6 (IL-6) and reduced interleukin-10 (IL-10),
further worsens metabolic dysfunction. Vitamin D receptor (VDR)
signaling counteracts these effects by suppressing renin, reducing Ang
II activity, enhancing antioxidant enzymes, and modulating inflam-
mation. The liver serves as a key site where these pathways converge.
Therapeutic strategies—including ACE inhibitors, angiotensin II re-
ceptor blockers (ARBs), GLP-1 receptor agonists, sodium-glucose
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cotransporter 2 (SGLT2) inhibitors, dipeptidyl peptidase-4 (DPP-4)
inhibitors, antioxidants, and vitamin D—target these interconnected
mechanisms, with responses influenced by disease stage and sex dif-
ferences. T2DM develops through interconnected dysregulation of
four key pathways: the RAS, OS—antioxidant imbalance, chronic
inflammation, and vitamin D/VDR signaling. These pathways in-
teract to promote insulin resistance, B-cell dysfunction, and vascular
complications, driving progression from prediabetes to overt disease.
Therapeutic strategies targeting these mechanisms—including RAS
inhibitors, antioxidant-based interventions, metformin, and vitamin
D supplementation—offer complementary benefits but have limita-
tions and potential adverse effects. Treatment responses may vary by
biological factors such as sex and disease stage, highlighting the need
for well-designed clinical trials to enable precise, mechanism-based
management.
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Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disor-
der primarily driven by insulin resistance (IR), which precedes
and contributes to impaired glucose regulation. In the early
stages of T2DM, peripheral tissues such as skeletal muscle,
adipose tissue, and liver become less responsive to normal cir-
culating insulin levels, leading to compensatory increases in
insulin secretion from pancreatic 3 cells to maintain normo-
glycemia [1-3]. Over time, persistent IR places excessive de-
mand on f cells, eventually resulting in B-cell dysfunction and
insufficient insulin production. According to the International
Diabetes Federation (IDF) Diabetes Atlas, 11th edition [4],
11.1% of adults aged 2079 years are currently living with dia-
betes, corresponding to approximately 589 million individuals
worldwide, a figure projected to rise to 852.5 million by 2050.
T2DM accounts for more than 90% of all diabetes cases glob-
ally. Based on disability-adjusted life years (DALYSs), a stand-
ard metric used to quantify global disease burden, diabetes is
ranked as the eighth leading cause of disease burden worldwide
and is projected to become the second leading cause by 2050
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[4, 5]. The urgency of understanding T2DM pathophysiology
was further highlighted during the coronavirus disease 2019
(COVID-19) pandemic, where T2DM patients experienced
significantly higher mortality rates [6, 7]. This heightened vul-
nerability was driven largely by the mechanisms discussed in
this review, including dysregulated renin-angiotensin system
(RAS) signaling (via the angiotensin-converting enzyme 2
(ACE2) receptor), chronic systemic inflammation, and preva-
lent vitamin D deficiency, all of which increased the viral im-
pact. As discussed in the beginning, IR represents the central
initiating defect in T2DM pathogenesis, with 3-cell exhaustion
arising secondary to sustained metabolic stress [3, 8].

T2DM is associated with both macrovascular and mi-
crovascular complications. The macrovascular complications
related to T2DM include coronary artery disease (CAD), pe-
ripheral arterial disease (PAD), and ischemic strokes promoted
by diabetes-mediated endothelial dysfunction and atheroscle-
rosis [9]. The microvascular complications caused by diabe-
tes are diabetic nephropathy, retinopathy, and neuropathy [9].
While numerous physiological systems are implicated in the
multi-factor pathogenesis of T2DM, this review specifically
focuses on the RAS) antioxidant, inflammatory, and vitamin D
receptor (VDR) signaling pathways [10—13]. The rationale for
selecting these specific systems lies in the profound intercon-
nectivity and their collective role in forming a constant cycle
of metabolic dysfunction. Rather than acting in isolation, these
four pathways intersect to drive the transition from early IR
and B-cell exhaustion to chronic macro- and microvascular
complications, such as nephropathy and retinopathy.

Distinguishing pathobiological mechanisms: obesity vs.
T2DM

While obesity and T2DM share common features, such as
chronic low-grade inflammation (meta-inflammation) and RAS
overactivation, certain mechanisms are specific to the transition
to a diabetic state [14, 15]. In individuals with obesity alone,
compensatory hyperinsulinemia often maintains normoglyce-
mia [16]. However, the progression to T2DM is defined by the
progressive failure and apoptosis of pancreatic beta-cells.

Furthermore, once chronic hyperglycemia is established,
it triggers “T2DM-specific” metabolic problems collectively
known as glucotoxicity [17]. These include overactivation of
the aldose reductase (polyol) pathway, increased formation of
advanced glycation end-products (AGEs), and activation of
protein kinase C (PKC). Unlike simple obesity, these hypergly-
cemia-driven pathways are the primary drivers of the micro-
vascular damage (retinopathy, nephropathy, and neuropathy)
that distinguishes the diabetic state. Thus, while the “metabolic
loop” of RAS and oxidative stress (OS) begins in obesity, its
role in beta-cell exhaustion and secondary glucotoxic pathways
is what specifically defines T2DM pathogenesis [18].

Methods

A comprehensive literature search was conducted to identify

relevant studies focusing on the pathophysiology and thera-
peutic strategies of T2DM, specifically regarding RAS, OS,
inflammation, and vitamin D signaling. We searched electron-
ic databases including PubMed, Google Scholar, Scopus, and
Web of Science for articles published up to December 2023.

The search utilized combinations of the following key-
words: “Type 2 Diabetes Mellitus,” “Renin-Angiotensin
System,” “Oxidative Stress,” “Inflammatory Cytokines,”
“Vitamin D Receptor (VDR),” and “Metabolic Pathways.”
Inclusion criteria focused on peer-reviewed original research,
clinical trials, and high-impact review articles published in
English. Articles were selected based on their relevance to the
molecular “cross-talk” between the targeted pathways. This
systematic approach was employed to ensure a comprehensive
and objective synthesis of the existing literature while mini-
mizing selection bias.

Role of RAS Pathway and T2DM

RAS is an essential system in the body that aids in controlling
blood pressure and fluid balance [19]. It is one of the most
important mechanisms concerning hypertension, essential for
regulating the dilation and constriction of blood vessels [20].
The systemic RAS mainly helps maintain blood pressure. In
contrast, localized RAS components manage processes like
OS, inflammation, and fibrosis [20]. The organs that possess
their own local RAS systems are the kidneys, pancreas, intes-
tines, respiratory system, and heart.

The RAS system is linked to more than just hypertension.
It also plays a role in conditions like COVID-19 and T2DM
[20]. There are two subsystems in RAS, classical and alterna-
tive subsystems [21]. The classical subsystem mainly consists
of the participation of proteins, ACE, angiotensin II (Ang II),
and angiotensin II receptor type 1 (AT1R) [21]. Thus, the clas-
sical subsystem can be called the ACE/Ang II/AT1R axis. On
the other hand, the alternative subsystem consists mainly of the
proteins, ACE2, angiotensin 1-7 (Ang 1-7), and MAS receptor
[21]. Thus, it could be called the ACE2/Ang 1-7/MAS axis.

The hormone renin, of the RAS pathway, is obtained from
the precursor, prorenin [22]. The renin/prorenin ratio (R/PR)
is 10 in healthy individuals, whereas it is 40-50 in T2DM pa-
tients [21]. Thus, clearly, the RAS pathway is somehow related
to T2DM development (Fig. 1). In addition to the above-men-
tioned case, there are various links of the RAS pathway with
glucose metabolism [21].

RAS components play a significant role in the develop-
ment of T2DM through various mechanisms. Ang Il promotes
IR by impairing insulin signaling pathways in target tissues
like muscle, liver, and adipose tissue [23]. It contributes to pan-
creatic -cell dysfunction and apoptosis, leading to reduced in-
sulin secretion [22]. Ang II also induces inflammation and OS,
which are key factors in the pathogenesis of T2DM [22]. The
ACE2/Angl-7/Mas axis has protective effects against T2DM
(Fig. 1). Ang1-7 has anti-inflammatory, anti-fibrotic, and vaso-
dilatory properties that can improve insulin sensitivity [22].
Activating the Mas receptor with Ang 1-7 can help reduce the
harmful effects of Ang II on IR and pancreatic function. How-
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Figure 1. The diagram depicts the balance between the classical ACE/Ang II/AT1R axis and the protective ACE2/Ang 1-7/MAS
axis of the renin-angiotensin system (RAS). Ang Il promotes oxidative stress, inflammation, impaired insulin signaling, and B-cell
dysfunction, thereby driving progression to T2DM, whereas ACE2/Ang 1-7/MAS counteract these effects and preserve metabolic

homeostasis.

ever, the local RAS in adipose tissue can lead to obesity, which
is a major risk factor for T2DM [22]. Overactivation of RAS in
adipose tissue leads to IR, glucose intolerance, and hyperten-
sion [24]. Angiotensinogen (AGT) expression is upregulated
in obese individuals, contributing to increased Ang II levels
and metabolic complications [25].

RAS genes and prediabetes

People with impaired glucose tolerance (IGT) and/or impaired
fasting glucose (IFG) are referred to as having “prediabetes.”
It suggests an increased susceptibility to T2DM and its com-
plications [3]. In a study on Sprague-Dawley rats, the expres-
sion levels of RAS pathway components, such as renin, ACE,
ATI1R, and Ang II, were found to be higher in pre-diabetic rats
than in non-pre-diabetic rats in most body tissues [26]. The
ACE/Ang II/AT1R axis is upregulated in the cases of mild
hyperglycemia, leading to increased NADPH oxidase (NOX)
with downstream effects resulting in IR as seen in T2DM and
prediabetes [27].

Adipose tissue secretes some anti-hyperglycemic hor-
mones, such as omentin, adiponectin, and leptin, but with
a high-calorie diet, their levels decrease, leading to over-
nutrition and adiposity [27]. The relationship between over-
nutrition and prediabetes risk factors (including upregulated

RAS pathway) has been found to be bidirectional [27]. Mature
adipocytes produce angiotensin 2 receptor (AT2R). This helps
insulin-sensitive mature adipocytes grow and allows preadipo-
cytes to differentiate (Fig. 2). As a result, it enhances triglycer-
ide metabolism and insulin signaling [27].

As implied earlier, renin, ACE, AT1R, and Ang II are
higher in pre-diabetics. These three genes are related to the
classical RAS pathway. Since, ACE2 enzyme is related with
the conversion of the components of classical to alternate path-
way, downregulation of which (thus, upregulation of the clas-
sical pathway) will lead to prediabetes and ultimately diabetes
(Fig. 2). Moreover, ACE2 is the enzyme that obstructs Ang II
signaling and thus, gene therapy of ACE2 reduces damaging
effects of Ang II [28]. Although it is thought that ACE2 is an
important player in the RAS pathway that affects the develop-
ment of T2DM, not much is known about the low levels of
ACE2 in diabetics. One of the possible mechanisms leading
to low ACE2 in diabetes is its cleavage by a disintegrin and
metalloprotease 17 (ADAM17) [29].

RAS genes and T2DM

In diabetic patients, the RAS pathway helps develop com-
plications like diabetic nephropathy [30]. The RAS pathway
contributes to renal fibrosis and glomerulosclerosis, which are
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Figure 2. The diagram depicts the role of the classical RAS in the progression from prediabetes to T2DM. Upregulation of renin,
ACE, Ang Il, and AT1R enhances oxidative stress via NOX activation and promotes inflammation and insulin resistance. Re-
duced ACE2 activity weakens protective Ang 1-7 signaling, worsening glucose dysregulation. Persistent metabolic imbalance
increases the risk of T2DM and complications, including nephropathy, cardiomyopathy, retinopathy, and cardiac remodeling,

driven by dominance of the ACE/Ang II/AT1R axis.

major factors in the development of diabetic nephropathy [31].
Both tissue and circulatory RAS are hyperactivated in diabetic
nephropathy, which causes local tissue damage via Ang I [32].
This activation contributes to persistent hypertension in diabe-
tes individuals by raising blood pressure, causing proteinuria,
and lowering glomerular filtration rate [30]. An early RAS in-
hibitor intervention in diabetic individuals with albuminuria
is thought to slow the evolution of diabetic nephropathy [33].
RAS activation is also an important factor in the develop-
ment of diabetic cardiomyopathy [34]. Ang II affects the heart
negatively through IR and cardiac remodeling, but Ang II’s
effects are opposed by Ang 1-7, which positively affects the
cardiovascular system [34]. In the retina, abnormal ACE ex-
pression affects the blood flow and the structure of the vascu-
lature, posing as an etiological factor for diabetic retinopathy
[35]. Ang II and ACE raise vascular endothelial growth factors

(VEGFs). VEGFs play a key role in the abnormal angiogenesis
linked to diabetic retinopathy. The local expression of ATIR,
Ang I1, ACE, and renin has been seen to be elevated in people
with diabetic retinopathy [36].

Ang II prevents the increased insulin secretion that occurs
from pancreatic islets in hyperglycemic conditions [20]. Ang
II also induces NOX production, which is responsible for the
increase in OS by superoxide radical production [20]. Thus,
Ang II is the major diabetogenic component of the RAS path-
way (Fig. 2).

In summary, the overactivation of the localized RAS, par-
ticularly the Ang II/ATIR axis, is a primary driver of IR and
vascular damage in T2DM. Therapeutic targeting of this sys-
tem through ACE inhibitors or angiotensin II receptor blockers
(ARBs) remains a cornerstone in preventing diabetic compli-
cations (Table 1).
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Table 1. Summary of Key Pathways, Genes, and Pathophysiological Implications in T2DM

Pathway Key genes/molecules

Pathophysiological impact

Therapeutic potential

RAS ACE, AGT, AGTRI1
Oxidative stress NOX, SOD, GPx, Nrf2
Inflammatory TNF-a, IL-6, IL-1f, NF-kB

Vitamin D (VDR) VDR, CYP27B1, RXR

Increases insulin resistance; promotes
fibrosis and vasoconstriction.

Causes DNA damage and B-cell apoptosis;
impairs mitochondrial function.

Triggers systemic insulin resistance; promotes
“cytokine storm” in complications.

Regulates insulin secretion; inhibits
RAS and inflammation.

ACE inhibitors and ARBs for
renal and cardiac protection.

Antioxidant supplementation;
Nrf2 activators.

Anti-inflammatory agents;
IL-1-B antagonists.

Vitamin D supplementation;
VDR agonists.

Role of Antioxidant Pathway and T2DM

Reactive oxygen species (ROS) are generated primarily in the
mitochondria as by-products of oxygen metabolism [36]. The
most well-known ROS include superoxide, singlet oxygen, hy-
drogen peroxide, etc. [37]. Elevated ROS is related to various
diseases like cardiovascular disorders (CVDs), cancer, and di-
abetes [38]. To fight ROS, the body has an antioxidant system.
This includes enzymes like catalase (CAT), glutathione perox-
idase (GPx), and superoxide dismutase (SOD). These enzymes
turn harmful ROS into harmless products [39]. Furthermore,
0OS, caused by ROS overproduction and diminished antioxi-
dant enzyme efficiency that disrupts the ROS-antioxidant bal-
ance, is a critical factor in T2DM pathogenesis [38, 40].

For xenobiotics that cause OS, the cytosol contains dimer-
ic enzymes called glutathione-S-transferases (GSTs). These
enzymes help attach xenobiotics to a water-soluble compound
known as glutathione (GSH) [37]. The various isoforms of
GSTs are named after Greek letters, alpha, kappa, mu, omega,
pi, sigma, theta, and zeta [41]. The genes GST Theta 1 (GSTT1I),
GST Mu 1 (GSTM1), and GST Pi 1 (GSTPI) are involved in
the development of T2DM and its various complications [37].

Antioxidant genes and prediabetes

ROS are countered by both endogenous (such as SOD, GPx,
CAT) and exogenous (such as vitamins, carotenoids, polyphe-
nols) antioxidants [42]. Decreased dietary (i.e., exogenous)
antioxidants have been found to be associated with prediabetes
[42]. Thus, dietary intake of antioxidant-rich foods is success-
ful in controlling prediabetes. One such food, whose prediabe-
tes progression-slowing properties have been reviewed earlier,
is blueberry [43].

As mentioned before, there is IFG in prediabetes, mean-
ing fasting glucose levels are higher than normal but below
the diabetic range (Fig. 3). High glucose levels boost insulin
production in B cells. However, as prediabetes advances to dia-
betes, ROS reduce gene expression. This leads to less insulin
secretion and, eventually, B-cell apoptosis. This process pushes
the body into a diabetic state [44].

The genetic makeup of key antioxidant enzymes influ-
ences the effectiveness of the antioxidant pathway in predia-
betes. The genes SOD1, SOD2, and SOD3 make various SOD

enzymes. Their single-nucleotide polymorphisms (SNPs) are
associated with a higher risk of T2DM [34]. GPx-1, GPx-2,
GPx-3, GPx-4, GSTT1, GSTM1, GSTP1, CAT, and eNOS (en-
dothelial nitric oxide synthase; NOS-III) genes play roles in
antioxidant defense and are linked to T2DM pathogenesis [38,
45, 46]. Variations in these genes may affect antioxidant ca-
pacity even in the pre-diabetic stage, influencing progression
to diabetes.

Antioxidant genes and T2DM

Antioxidants prevent the development of diabetes-related
complications in T2DM patients [47]. Some of the main is-
sues faced by diabetic patients, such as diabetic nephropa-
thy, retinopathy, CVDs, and stroke, are linked to OS [48].
The etiology of these issues involves both mitochondrial and
non-mitochondrial sources of ROS, in addition to other stress
factors, including inflammation and dyslipidemia [48]. Ac-
cording to Figure 3, excessive ROS production and dimin-
ished antioxidant activity in diabetes contribute to elevated
OS levels [41, 49].

Chronic hyperglycemia causes both macrovascular and
microvascular problems. It does this through OS, which cre-
ates harmful free radicals in the body [50]. Free radicals are
key in starting and worsening diabetic complications. They
disrupt three main pathways: the PKC pathway, the aldose re-
ductase pathway, and AGE production [51]. For example, ROS
makes the aldose reductase pathway faulty, leading to the ac-
cumulation of sorbitol in the retina, which results in diabetic
retinopathy [51]. Diabetic neuropathy is another example.
It affects half of the people with diabetes. This condition is
caused by OS that leads to neuron death. Also, there is a re-
duced ability to repair and regenerate nerves [51].

At the genetic level, the diabetic state is characterized by
the dysregulation of the same antioxidant genes discussed ear-
lier (SOD, GPx, CAT, GSTs, eNOS), as well as by the upregu-
lation of pro-oxidant genes (Table 1). For example, NOX, a
promoter of OS, has several isoforms—NOX1, NOX2, NOX3,
NOX4, NOX5, DUOXI, and DUOX2 [52]. Of these, NOX2
is notably upregulated in both T2DM mice and in the kidney
walls of patients with diabetic nephropathy [52]. Additionally,
besides eNOS, there are inducible nitric oxide synthase (iNOS/
NOS-II) and neuronal nitric oxide synthase (nNOS/NOS-III).
These also significantly impact conditions like hypercholester-
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Figure 3. This schematic depicts progressive antioxidant pathway dysregulation from prediabetes to T2DM. In prediabetes, re-
duced dietary antioxidants and hyperglycemia impair SOD, GPx, and CAT activity, promoting -cell dysfunction, reduced insulin
secretion, and apoptosis. In diabetes, persistent hyperglycemia disrupts NOX, SODs, CAT, GSTs, and eNOS, increasing oxida-
tive stress and free radical generation. This activates AGEs and the polyol pathway, contributing to diabetic retinopathy, diabetic

nephropathy, and cardiovascular complications.

olemia, hypertension, and diabetes [38, 52]. Dysregulation of
these genes, either by mutation or altered expression, increases
OS and the progression of diabetic complications.

To conclude, OS acts as a bridge between hyperglyce-
mia and cellular damage. The exhaustion of the antioxidant
defense system and the rise in ROS production create a toxic
environment that accelerates -cell failure and endothelial dys-
function.

Role of Inflammatory Pathway and T2DM

There are many risk factors associated with the development of
T2DM, but the most important one is excess fat in the body, es-
pecially in the abdominal region [53]. T2DM induced by obe-
sity is influenced mainly by two factors: IR and inflammation
[54]. Interleukins are a group of cytokines (secreted proteins/
signaling molecules) expressed by white blood cells (leuko-
cytes) that mediate immune responses and play a definite role
in the pathogenesis of T2DM [55]. People with T2DM have in-
creased levels of inflammatory cytokines, the most studied of
which is the pro-inflammatory cytokine, interleukin-6 (IL-6)

[54]. IL-6 levels are higher in obese individuals and are known
to enhance pancreatic -cell apoptosis [56].

Anti-inflammatory cytokines play an important but con-
text-dependent role in IR and the pathogenesis of T2DM. In-
terleukin-10 (IL-10) is generally considered protective due to
its ability to suppress inflammation; however, evidence sug-
gests that IL-10 may also modulate metabolic pathways in a
manner that can inhibit diet-induced IR, indicating a com-
plex and context-specific role in T2DM development [54,
57]. Similarly, interleukin-22 (IL-22), a member of the IL-10
cytokine family, has been implicated in glucose homeostasis,
with plasma IL-22 levels showing a negative dose—response
relationship with fasting plasma glucose (FPQG), suggesting
a potential protective effect under physiological conditions
[58]. Beyond these cytokines, other anti-inflammatory me-
diators such as interleukin-1 (IL-1) influence key metabolic
processes, including glucose regulation, blood pressure, iron
metabolism, and bone remodeling. In addition, adiponectin
levels and genetic variants have been consistently associ-
ated with an increased risk of T2DM, further highlighting
the multifaceted role of inflammatory regulation in disease
progression [59].
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Cytokine genes and prediabetes

IR results when immune cells infiltrate adipocytes, contrib-
uting towards the development of prediabetes [60]. Among
cytokines, IL-6 induces compensatory hyperinsulinemia and
hyperglycemia. The insulin overload is sensed by T regulatory
(T reg) cells present in adipocytes with their insulin receptors,
leading to the release of anti-inflammatory IL-10 [60]. Usual-
ly, there is a converse relationship between the levels of serum
IL-10 and hyperinsulinemia and IR. It was observed that levels
of IL-10 were not elevated in pre-diabetics, but the same was
not the case for T2DM patients [61].

1L-22, though promoting both pro- and anti-inflammatory
cytokines, ultimately has beneficial effects against the devel-
opment of prediabetes [62]. This is supported by findings that
mice deficient in the IL-22 receptor were more prone to the
development of IR and glucose intolerance [63]. In a study
on the Han Chinese population, plasma IL-22 levels during
fasting were found to be lower in pre-diabetic patients than in
those with normal glucose levels [62].

At the genetic level, the genes encoding these cytokines—
such as IL-6, IL-10, and IL-22——play a crucial role in modu-
lating the inflammatory environment in prediabetes. Increased
plasma IL-6, for example, is associated with IGT and serves as
an etiological factor for the development of T2DM [55]. The
IL-10 gene product protects the body. IL-10 effectively calms
inflammatory responses from macrophages and lymphocytes.
It also inhibits pro-inflammatory cytokines like IL-6 and tu-
mor necrosis factor-alpha (TNF-a)) [64]. The balance of these
cytokine gene expressions determines progression or protec-
tion in the pre-diabetic state.

Cytokine genes and T2DM

Inflammation plays an important role not just in the onset of
diabetes but also in the development of its complications [65].
The pro-inflammatory cytokine IL-6 is thought to promote the
development of both micro- and macrovascular complications
in T2DM [66]. Systemic increases in IL-6 levels are associ-
ated with complications like diabetic nephropathy [67], but
only weakly influence the development of diabetic retinopathy
[68]. Albuminuria is the gold standard for diagnosing diabetic
nephropathy. However, plasma IL-6 levels above 10.5 pg/mL
may help tell apart T2DM patients with nephropathy from
those without it [65].

At the genetic level, T2DM shows increased pro-inflam-
matory cytokine genes. IL-6 is a key player. It affects glucose
balance by acting on adipocytes, muscle cells, liver cells, neu-
roendocrine cells, and pancreatic 3 cells [69]. In contrast, anti-
inflammatory cytokine genes such as IL-10 are often down-
regulated in T2DM, as plasma IL-10 levels are significantly
reduced in these patients [70]. This reduction removes a criti-
cal brake on inflammation, allowing unchecked production of
pro-inflammatory cytokines and exacerbating diabetic com-
plications (Fig. 4). IL-22 has both pro- and anti-inflammatory
effects. It can change how adipose tissue works by increasing
local IL-1P production. This raises anti-adipogenic responses

and worsens IR in obese patients with T2DM [58, 62, 71].

Overall, chronic low-grade inflammation, characterized
by the elevation of pro-inflammatory cytokines like TNF-a
and IL-6, perpetuates a cycle of insulin desensitization. Modu-
lating these inflammatory pathways offers a promising sec-
ondary strategy for T2DM management (Table 1).

Role of VDR and T2DM

The expression of VDR is observed, though at variable levels,
in all nucleated cells of humans [72]. Vitamin D has an impor-
tant role in the secretion of insulin [73]. VDR variations have
been linked with the development of glucose intolerance and
insufficient insulin secretion, thus leading to T2DM develop-
ment [74]. The VDRs expressed on pancreatic f§ cells are the
ones at fault for the development of glucose intolerance and
insulin insensitivity [73]. Since vitamin D is involved in main-
taining the endocrine secretion of the pancreas, it has been
seen that high vitamin D levels pose a protective mechanism
against T2DM [75]. A deficiency of vitamin D is also a risk
factor for obesity and, in turn, for diabetes [76].

VDR genes and prediabetes

Vitamin D is associated with the development of both IGT
and IR, the hallmarks of prediabetes [77]. In the pancreatic 3
cells, there are both cytosolic and nuclear VDRs. According to
Figure 5, the nuclear VDRs are activated by 1,25-dihydroxy
vitamin D (1,25(OH),D;), with the downstream signaling af-
fecting secretion of insulin [77]. It is this secretion of insulin
that, when impaired in the early pre-diabetic phase, ultimately
leads to the diabetic state [77]. In pre-diabetics, supplementa-
tion with vitamin D has been found to sustain higher serum
1,25(0OH),D;, levels and thus, increases the chance of regress-
ing to ideal glucose regulation [78].

VDR gene polymorphisms may impact the risk of predia-
betes. They change the VDR function in B cells, and how the
body uses vitamin D. Most studies focus on T2DM. However,
polymorphisms like Fokl, Bsml, and Taql may also impact
early glucose metabolism and insulin secretion. This can in-
crease the risk of prediabetes [75, 79, 80]. These variants may
alter the receptor’s activity, affecting the efficiency of vitamin
D signaling in maintaining glucose homeostasis (Fig. 5).

VDR genes and T2DM

VDRs are highly expressed in the kidneys, and they are the
classic targets for 1,25(OH),D, [81]. The conversion of vita-
min D into 1,25(OH),D; takes place in the kidneys, but in dia-
betic nephropathy, the kidneys are compromised, and enough
1,25(0OH),D, production does not occur [81]. Vitamin D defi-
ciency also plays a role in the development as well as progres-
sion of diabetic retinopathy, potentially by protecting retinal
microvessels against diabetes-induced damage [82].

Gene variants of VDR, such as Fokl, Bsml, and Taql, have
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Figure 4. The given figure depicts how obesity-induced cytokine imbalance drives T2DM progression. Elevated IL-6 promotes
chronic inflammation, leading to pancreatic 3-cell apoptosis, hyperglycemia, compensatory hyperinsulinemia, prediabetes, and
ultimately T2DM. Anti-inflammatory cytokines (IL-10, IL-22) and Treg cells counteract inflammation and protect -cells. However, in
obesity, pro-inflammatory dominance sustains immune dysregulation, accelerating B-cell dysfunction and metabolic deterioration.

been studied across diverse populations for associations with
T2DM and its complications [75, 79, 82]. Although these asso-
ciations are sometimes population-specific and controversial,
some studies report that these variants may influence glycemic
control, IR, and even obesity among T2DM patients [83]. For
example, Bsml was associated with IR among T2DM patients
with poor glycemic control, and FokI with obesity [83]. Thus,
VDR gene polymorphisms may contribute to the clinical het-
erogeneity of T2DM and its complications by altering the re-
ceptor’s function and downstream effects on glucose metabo-
lism and tissue protection (Fig. 5).

In brief, vitamin D signaling through the VDR serves as a
critical protective mechanism. By regulating insulin secretion
and suppressing both RAS and inflammatory pathways, the
VDR acts as a master metabolic modulator whose deficiency
significantly worsens T2DM outcomes (Table 1).

The Central Role of Liver in T2DM Pathogen-
esis

The liver is a critical metabolic hub that maintains glucose
homeostasis by balancing glucose uptake, glycogen synthesis,
and gluconeogenesis [84]. In T2DM, hepatic IR leads to un-
controlled endogenous glucose production, which is a primary
cause of fasting hyperglycemia. The physiological pathways
discussed in this review, namely, RAS, OS, inflammation, and

vitamin D signaling, all converge within the liver to worsen
metabolic dysfunction [85].

For instance, localized hepatic RAS overactivation, par-
ticularly Ang II, has been shown to impair insulin signaling
and promote hepatic fibrosis [86]. Simultaneously, chronic
systemic inflammation driven by cytokines like IL-6 directly
targets liver cells, further impairing their responsiveness to in-
sulin [87]. Moreover, the liver is a key site for vitamin D me-
tabolism and expresses VDRs; vitamin D deficiency is often
linked with non-alcoholic fatty liver disease (NAFLD), which
further compounds IR in T2DM patients [88]. By integrating
these mechanisms, it becomes clear that hepatic dysregulation
is not merely a consequence of T2DM but a primary regulator
of its progression [84].

Correlation Between RAS, Antioxidant, Inflam-
mation, and Vitamin D Signaling Pathways in
the Pathogenesis of T2DM

The components of the RAS pathway also give rise to inflam-
mation through various mechanisms. Ang II leads to the in-
duction of immune cell differentiation and thus, the augmen-
tation of cytokines that promote inflammation [89]. Ang II
contributes to hypertension by acting through both immune
cell differentiation and the induction of pro-inflammatory cy-
tokines [90]. Apart from Ang II activating pro-inflammatory
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Figure 5. This figure depicts the role of VDR signaling in the progression from prediabetes to T2DM. Activation of nuclear VDRs
by 1,25(0OH),D, regulates pancreatic B-cell function and insulin secretion, while VDR polymorphisms (Fokl, Bsml, Taql) influence
glucose metabolism. Impaired signaling contributes to insulin deficiency, insulin resistance, poor glycemic control, and vitamin D
deficiency, ultimately leading to T2DM development and complications such as nephropathy and retinopathy.

cytokines, reciprocally, they also lead to the enhancement of
expression of RAS components [89]. Ang II either increases
the number of inflammatory cytokines by promoting their dif-
ferentiation from hematopoietic stem cells (HSCs), suggesting
its pro-inflammatory activity. Alternatively, when Ang II binds
to AT1R, it induces polarization of M2 macrophages, which in
turn have anti-inflammatory activities [91]. Thus, Ang II could
be considered as a “double-edged sword,” which has both pro-
and anti-inflammatory effects [92].

From an inflammation point of view, the classical RAS
subsystem/pathway can be called the “pro-inflammatory path-
way” or the “pathological pathway,” whereas the alternative
pathway could be called simply the “anti-inflammatory path-
way” [93]. ACE2, Ang 1-7, aldosterone, renin, and Mas re-
ceptor are the other elements of the RAS pathway that impact
inflammation [92]. These components use a different mecha-
nism to offset the inflammatory effects of Ang II [92].

The ACE2/Ang 1-7/MAS receptor axis has protective an-
ti-inflammatory qualities. This alternative pathway helps with:
vasodilation, reducing cell proliferation, lowering inflamma-
tion, cutting OS, preventing hypertrophy, and reducing fibrosis
[92].

The inflammatory responses can be stimulated by ROS
through pro-inflammatory factors, protein kinases, gene ex-

pression, and transcription factors [94]. The participation of
ROS is not just in the initiation of inflammation, but also in its
progression and resolution [95]. During its progression stage,
ROS participates in inflammation during “respiratory burst”
[95]. Through the respiratory burst, small-sized microorgan-
isms lead to the production of ROS inside cells. It inhibits the
expression of interleukin-1 beta (IL-1f) and thus restricts the
recruitment of new neutrophils. In contrast, large pathogens
cause extracellular ROS to be released, which increases the
expression of IL-1p and results in the formation of neutrophil
clusters surrounding the pathogen [96]. As we have discussed
in the above headings, Ang-1I, a component of RAS, has both
pro- and anti-inflammatory cytokine-promoting activity [92].
ROS also promotes pro-inflammatory cytokines, as implied
before [36, 95]. Clearly, there are cross-links between RAS,
antioxidants, and inflammatory pathways. Ang II leads to the
formation of oxidant species, thus causing OS inside the vas-
cular system [97]. Due to this OS, nuclear factor-kappa B (NF-
«B) is activated, which causes the production of inflammatory
cytokines [97].

The ligand for VDR, i.e., vitamin D, in its biologically
active form, 1,25-dihydroxy vitamin D (1,25(OH),D,), can
inhibit renin gene expression [98], thus affecting the RAS
pathway. Vitamin D influences the RAS pathway. It also
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Figure 6. The schematic illustrates the central role of 1,25(0OH),D,

Disorders

(calcitriol) in modulating RAS activation, immune signaling,

oxidative stress, and antioxidant defense. Calcitriol suppresses renin and ACE expression, thereby reducing Ang Il formation.
Ang Il activates AT1R, stimulating NADPH oxidase (NOX)-mediated ROS generation. Excess ROS decreases eNOS activity and
nitric oxide (NO) bioavailability, leading to endothelial dysfunction and subsequent cardiovascular disorders. Ang Il also activates
TLRs/MyD88/NF-kB signaling in T cells and macrophages, enhancing pro-inflammatory cytokine production, inflammation, and
progression to diabetic nephropathy. Concurrently, calcitriol binds to the VDR, which dimerizes with RXR and transcriptionally
regulates antioxidant enzymes, including GR, SOD, and GPx1, thereby restoring glutathione (GSH) levels and attenuating ROS.
Green arrows indicate activation or stimulation, while red blunt arrows represent inhibition.

helps protect against T2DM by reducing inflammation. This
anti-inflammatory action has anti-diabetogenic effects, as we
noted earlier. Apart from that, it has been seen that high serum
1,25(0OH),D; concentrations were associated independently
with a lower risk of microvascular complications of T2DM,
such as diabetic nephropathy and neuropathy, though not with
diabetic retinopathy [99, 100].

Apart from renin, the other components of RAS, whose
expression is suppressed by vitamin D, are Ang Il and ACE

60

[76]. In the inflammatory pathway, vitamin D leads to a de-
crease in the production of T helper type 1 cells (Thl cells) and
thus suppresses the progression of inflammation by reducing
pro-inflammatory cytokines [101]. One such pro-inflammato-
ry cytokine that is downregulated by vitamin D is IL-6 [77].
Thus, the RAS pathway, VDR, and inflammation are in-
terrelated as far as the pathogenesis of T2DM is concerned. Vi-
tamin D also has antioxidant properties, partially mediated by
VDR [102]. It is said to induce the expression of antioxidant
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enzymes like GPx and SOD and substrates like GSH [103].
Vitamin D also represses the expression of NOX, which is
a critical promoter of OS [103]. The classical pathway, i.e.,
the ACE/Ang II/AT1R axis, is impacted by active vitamin D,
i.e., 1,25(0H),D;, at various steps. Even before the classical
pathway commences, 1,25(OH),D; inhibits renin expression
[98], and then 1,25(0OH),D; also inhibits components of the
axis like ACE and Ang II [76]. The same 1,25(OH),D, reduces
pro-inflammatory cytokines and ROS. It does this by lower-
ing Thl cell production. Without this, Thl cells would create
more pro-inflammatory cytokines and ROS [76]. The pro-in-
flammatory cytokines are also produced by the classical RAS
pathway, as Ang II promotes the differentiation of immune
cells from HSCs, which are in turn responsible for the pro-
duction of the pro-inflammatory cytokines [89]. Ang II boosts
pro-inflammatory cytokines. It does this by increasing ROS,
which then triggers cytokine production through NF-kB [97].
Although the classical pathway is mainly considered to be pro-
inflammatory, it also has anti-inflammatory action through the
polarization of M2 macrophages [91].

Vitamin D acts on VDRs only in its active form,
i.e.1,25(0OH),D5, which is formed by the action of the enzyme
la-hydroxylase [104]. When 1,25(0OH),D; binds to VDR, the
receptor pairs with retinoid X receptor (RXR). This action in-
fluences gene expression and impacts various non-genomic
cellular pathways [103]. Research with VDR knock-out mice
and lo-hydroxylase-deficient mice shows that vitamin D re-
duces both circulating and tissue RAS pathways [104]. Other
than RAS, the various cellular effects of active vitamin D in-
clude its antioxidant properties and its anti-inflammatory ac-
tion [105]. The high anti-inflammatory and antioxidant prop-
erties of vitamin D are due to an increase in the formation of
GSH [105]. The way by which vitamin D modulates GSH lev-
els is by affecting glutathione peroxidase 1 (GPx1), SOD, and
glutathione reductase (GR) expression [105].

Ang II can cause kidney damage by promoting inflam-
mation. This happens when macrophages and T-lymphocytes
enter the kidneys. These cells release pro-inflammatory cy-
tokines, such as TNF-a and IL-6. In rats treated with Ang II,
researchers saw an increase in the gene expression of these
cytokines [106]. Inflammation plays a key role in diabetic
nephropathy [106]. RAS interacts with innate immunity by
helping express Toll-like receptors (TLRs) [107]. TLRs can
act either through the myeloid factor 88 (MyD88) dependent
or independent pathway, ultimately activating NF-xB, which
ultimately leads to the production of chemokines and pro-in-
flammatory cytokines [107].

In summary, the information shows a complex web of
pathways. Components activate and repress each other through
genomic and non-genomic routes (Fig. 6). The ROS produced
by Ang II action also acts through NF-xB to produce pro-in-
flammatory cytokines promoting inflammation [107]. NF-xB
activation by Ang II is not just by the ATIR-NOX-ROS path-
way described above, but also through upregulation of TLRs,
bringing even components like MyD88 into the picture [107].
Ang 1II promotes inflammation, but it also has anti-inflam-
matory effects. Through its receptor, ATIR, it helps polarize
M2 macrophages [91]. This makes Ang II a “double-edged
sword” [92]. Vitamin D, the “sunshine vitamin,” also comes

barging in this whole haphazard web through its active form,
1,25(0OH),D, [108]. 1,25(0OH),D, acts through VDR, which in
turn exhibits its effects by dimerizing with RXR [104]. The
VDR-RXR dimer acts through various genomic and non-
genomic pathways [105]. One genomic pathway activated by
the VDR-RXR dimer inhibits renin gene expression [98]. On
the other hand, non-genomic pathways include inhibiting RAS
components like ACE and Ang II [76]. They also reduce OS
and inflammation by boosting GSH expression [105]. Thus,
we can see that neither of the pathways acts in isolation, and all
the pathways concerned with T2DM pathogenesis are tangled
among themselves by a web of interactions (Fig. 6).

Drugs and Therapies for T2DM Based on Vari-
ous Pathways

RAS pathway in T2DM treatment

T2DM is linked to low levels of ACE2 protein. Angiotensin-
converting enzyme inhibitors (ACEis) can help. They down-
regulate the classical RAS pathway, easing the burden on the
ACE2 enzyme. This makes ACEi effective for managing an
overactive RAS pathway [49]. Other than ACEi, ARBs inhibit
AT1R and thus also downregulate the overactive classical RAS
pathway [49]. Importantly, sex acts as a biological variable in
RAS regulation. Experimental and clinical evidence suggests
that estrogen enhances ACE2 expression and promotes the pro-
tective ACE2/Ang 1-7/Mas receptor axis, whereas androgens
may favor classical RAS activation. Consequently, men with
T2DM may exhibit relatively greater RAS overactivity and
cardiovascular risk, while postmenopausal women may lose
estrogen-mediated RAS protection, influencing therapeutic re-
sponsiveness to ACEi/ARBs [109]. ACE2 is the receptor for
the COVID-19 virus (SARS-CoV-2). Use of ACEi has been
suggested to upregulate ACE2 expression, a mechanism that
has raised concerns regarding a potential association with ad-
verse outcomes in diabetic patients infected with COVID-19.
Some observational evidence has reported a higher in-hospital
mortality among diabetic COVID-19 patients receiving ACEi
therapy [110]. However, these findings remain context-specif-
ic and inconclusive, as other factors such as disease severity,
comorbidities, and treatment setting may influence outcomes.
In contrast, ARBs were not found to significantly alter the
mortality risk in this patient population [110], indicating dif-
ferential effects within RAS-modulating therapies. Apart from
all that, as already mentioned before, gene therapy of ACE2
reduces the damaging effects of Ang II, as well [28].
Albuminuria in T2DM is often associated with a high risk
of development of CVDs and nephropathy [110]. Notably, sex
differences have been reported in the progression of diabetic
kidney disease, with men generally exhibiting faster progres-
sion to end-stage renal disease (ESRD), whereas women may
demonstrate delayed onset but experience increased risk af-
ter menopause. These differences may partly reflect sex hor-
mone-mediated modulation of intrarenal RAS activity. ACEi
and ARBs are therefore widely used to reduce the risk of CVDs
and nephropathy in T2DM patients with albuminuria. How-

Articles © The authors | Journal compilation © ] Endocrinol Metab and Elmer Press Inc™ | https://jem.elmerpub.com 61



Key Pathways and Therapies in T2DM

J Endocrinol Metab. 2026;16(2):51-69

ever, ACEi and ARBs can become less effective over time, as
aldosterone levels may return to baseline after long-term RAS
inhibition [110]. Combining mineralocorticoid receptor antag-
onists (MRAs) like eplerenone and spironolactone with RAS
inhibitors can lower albuminuria and proteinuria significantly.
However, MRAs may cause side effects such as hypotension,
hyperkalemia, and gynecomastia [111], and these risks may
vary by sex due to differences in hormonal milieu and body
composition.

As already mentioned, albuminuria associated with T2DM
leads to diabetic nephropathy, which has the risk of progress-
ing into ESRD [112]. The various ACEi used in the treatment
of diabetes associated albuminuria include drugs like captopril
and ramipril, while ARBs studied for the same include losar-
tan, irbesartan, VALsartan, olmesartan, and telmisartan [112].
Losartan also inhibits the formation of abnormal blood ves-
sels in diabetic retinopathy patients [35]. The ramipril also
reduces the risk of major cardiovascular events by 25% [35].
Direct renin inhibitors, such as aliskiren, have also been stud-
ied for potential benefit in diabetic nephropathy [112]. While
current strategies effectively slow the progression of diabetic
nephropathy, future therapeutic approaches may benefit from
incorporating sex-stratified analyses combinations we could
explore various combinations of ACEis, ARBs, and adjunctive
therapies [63].

Antioxidant pathway in T2DM treatment

Prediabetic individuals and patients with early-stage T2DM
often rely primarily on lifestyle modifications, whereas those
with long-standing disease generally require hypoglycemic
agents, with or without insulin, to enhance insulin secretion
and improve insulin sensitivity [113].

Sex-related differences in body fat distribution, mitochon-
drial function, and OS burden may influence disease progres-
sion and treatment response, with visceral adiposity—more
prevalent in men—being strongly associated with OS and IR.
Several hypoglycemic agents, including metformin, also ex-
hibit antioxidant properties that may contribute to their pleio-
tropic metabolic benefits [113]. Although metformin remains a
first-line and effective therapy for T2DM, its use is frequently
associated with gastrointestinal adverse effects [114], and
some studies suggest potential sex-related variation in toler-
ability and pharmacokinetics [115].

In addition to glucose-lowering drugs, statins—widely
prescribed for dyslipidemia—have been reported to exert anti-
oxidant effects, potentially offering vascular protection in dia-
betic patients [116]. Exogenous antioxidants such as vitamins
C and E are commonly included under the umbrella of “an-
tioxidant therapy” and have been explored for their potential
role in mitigating OS in T2DM [113]. However, despite strong
mechanistic and preclinical evidence, clinical outcomes of an-
tioxidant supplementation in T2DM remain inconsistent, with
limited and controversial efficacy reported in large-scale hu-
man studies [113]. Similarly, several phytochemicals, includ-
ing cyanidin, resveratrol, caffeic acid, anthocyanins, glabridin,
and calycosin, have shown promise in experimental models by
activating endogenous antioxidant defense pathways, but their

therapeutic benefits in clinical diabetes management require
further validation through well-designed clinical trials [113].

Inflammatory pathway in T2DM treatment

Metformin is not only an anti-hyperglycemic agent but also ex-
erts anti-inflammatory effects [117]. It reduces inflammation
primarily through activation of AMP kinase (AMPK), which
decreases NF-kB phosphorylation and lowers pro-inflamma-
tory cytokines such as IL-6 [118]. Sex hormones significantly
influence inflammatory responses, with estrogen generally
exerting anti-inflammatory effects and testosterone modulat-
ing cytokine production differently. Therefore, inflammatory
burden and response to anti-inflammatory therapies in T2DM
may vary between men and women [119].

Besides metformin, other drugs also help reduce inflam-
mation in T2DM management. GLP-1 receptor agonists (GLP-
1 RAs) enhance glucose-dependent insulin secretion, suppress
glucagon, slow gastric emptying, and promote weight loss,
while exerting anti-inflammatory effects by reducing C-reac-
tive protein (CRP), IL-6, and TNF-a levels [120]. Sodium-glu-
cose cotransporter 2 (SGLT?2) inhibitors promote glycosuria,
natriuresis, and caloric loss for glycemic control and cardio-
vascular/renal protection, alongside lowering inflammatory
markers like ferritin, CRP, leptin, and plasminogen activator
inhibitor-1 (PAI-1) [121]. Dipeptidyl peptidase-4 (DPP-4) in-
hibitors prolong incretin activity to improve postprandial gly-
cemia with low hypoglycemia risk and demonstrate anti-in-
flammatory benefits by decreasing high-sensitivity C-reactive
protein (hs-CRP), TNF-a, IL-6, and IL-1f [122]. These agents
offer cardioprotective advantages beyond glycemic control,
positioning GLP-1 RAs and SGLT2 inhibitors as preferred op-
tions in patients with atherosclerotic CVDs, heart failure, or
chronic kidney disease per guidelines, while DPP-4 inhibitors
serve as effective add-ons [120, 121, 123]. Emerging evidence
suggests that cardiovascular and renal benefits of GLP-1 RAs
and SGLT?2 inhibitors are observed in both sexes, although ab-
solute risk reductions may differ due to baseline risk variation
[124].

Many phytochemicals with anti-inflammatory activity
also show promise as possible therapeutic agents for the treat-
ment of T2DM in the future [125]. Alkaloids like berberine
also lead to a decrease in the transcriptional activity of NF-xb
[126]. In mice with diabetes, treatment with berberine showed
downregulation of pro-inflammatory cytokines, including IL-6
[126]. Flavonoids like curcumin also work through decreasing
NF-kB activity, among other mechanisms [127]. Curcumin ad-
mixture in the diet of obese mice showed improvement against
glucose intolerance [127]. Given known sex differences in car-
diovascular risk profiles, careful consideration of sex-specific
risk—benefit balance is warranted.

But not all anti-inflammatory drugs/agents are beneficial
for diabetics. The main over-the-counter “anti-inflammatory”
drugs are non-steroidal anti-inflammatory drugs (NSAIDs).
These can increase the risk of heart failure in patients with
T2DM [128]. These drugs work by inhibiting cyclooxygenase
(COX)-1 and -2 and thus work mechanistically differently than
the above-mentioned inflammatory pathway [129].

62 Articles © The authors | Journal compilation © ] Endocrinol Metab and Elmer Press Inc™ | https://jem.elmerpub.com



Awasthi et al

J Endocrinol Metab. 2026;16(2):51-69

VDR in T2DM treatment

We have talked about VDR’s role in insulin secretion. This
shows how proper vitamin D signaling can help prevent
T2DM. Sex differences in vitamin D metabolism, body fat
distribution, and hormonal interactions may affect VDR-me-
diated metabolic responses. Theoretically, we can also make
out how the activation of VDR can be done by either its natu-
ral ligand or other various agonists. Thus, these ligands could
also act as possible drugs/therapy for the prevention and/or
treatment of T2DM. Alfacalcidiol, a vitamin D analogue and
VDR agonist, significantly lowers blood glucose levels. It also
decreases fasting serum insulin and reduces IR in rats [130].
Not only that, but alfacalcidiol also acted synergistically with
metformin as an anti-hyperglycemic agent [130].

Another potential intervention explored is vitamin D sup-
plementation. Evidence suggests that prediabetics receiving
medium to high doses of vitamin D exhibited a reduced risk of
progression to T2DM, whereas no comparable benefit was ob-
served with lower doses [130]. Short-term intervention studies
have reported modest improvements in glycemic parameters
following vitamin D supplementation; however, findings from
long-term trials remain inconsistent. Several studies demon-
strated no significant effect on hemoglobin Alc (HbAlc) lev-
els over extended follow-up periods, and in instances where
HbAlc reductions were reported, corresponding changes in
FPG were not evident [131]. These mixed outcomes may be
attributed to substantial variability in study design, including
differences in baseline vitamin D status, dosage regimens,
duration of supplementation, population characteristics and
importantly, sex distribution across studies, and glycemic end-
points assessed. Collectively, the available evidence indicates
that while vitamin D supplementation may offer short-term
metabolic benefits in selected populations, its long-term effi-
cacy in sustained glycemic control and T2DM prevention re-
mains inconclusive [131].

When thinking about vitamin D for diabetes, it is impor-
tant to consider the risk of overdose. Too much vitamin D can
cause side effects. These include high blood pressure, heart
rhythm problems, and increased urination. It may also lead to
high calcium levels, possible kidney failure, dehydration, and
increased thirst [108]. Other signs of vitamin D overdose can
include: abdominal pain, pancreatitis, vomiting, confusion, de-
pression, and coma [108]. Thus, while VDR-targeted therapies
remain promising, future clinical trials should systematically
evaluate sex as a biological variable to optimize dosing, ef-
ficacy, and safety in T2DM management.

Conclusion

In conclusion, T2DM emerges from a complex and self-perpet-
uating interaction among four major physiological pathways:
the RAS, OS-antioxidant imbalance, chronic inflammation,
and vitamin D/VDR signaling [10, 13]. While each pathway
independently contributes to insulin resistance, 3-cell dysfunc-
tion, and vascular injury, their extensive molecular cross-talk
amplifies metabolic derangements and accelerates progres-

sion from prediabetes to overt T2DM and its complications
[75, 90, 91, 97, 104, 106, 107, 132, 133]. Therapeutic strat-
egies targeting these interconnected mechanisms offer com-
plementary benefits. RAS-modulating agents such as ACEis
and ARBs remain central in limiting vascular and renal com-
plications [134], and ACE2-based gene therapy represents a
potential future approach [28]. Antioxidant-focused interven-
tions, including dietary antioxidants and phytochemicals, may
mitigate OS, while established agents such as metformin exert
additional antioxidant and anti-inflammatory effects [135].
Similarly, vitamin D supplementation and VDR agonists may
help restore impaired vitamin D signaling and modulate RAS
and inflammatory pathways [129, 130]. However, these in-
terventions are not without limitations or adverse effects, and
therapeutic responses may vary due to biological factors such
as sex, baseline metabolic status, and disease stage [107, 110,
113]. Therefore, well-designed, large-scale clinical trials—in-
corporating pathway-based and sex-stratified analyses—are
essential to validate these adjunctive strategies and to develop
more precise, mechanism-driven approaches for the long-term
management of T2DM.
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