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Simple Summary

Type 2 diabetes is a widespread disease that affects hundreds of millions of people world-
wide. It occurs when the body cannot properly use or produce insulin, leading to high
blood sugar levels that can damage vital organs such as the kidneys, eyes, and blood
vessels. This review focuses on hypoxia-inducible factor 1α (HIF-1α), an oxygen-sensitive
regulatory subunit that helps cells adapt to low oxygen. In diabetes, HIF-1α can function
as either a protector or a driver of disease, depending on the cell type, tissue, and disease
stage. It may support metabolic adaptation and tissue repair, but persistent or excessive
activation can promote pathological angiogenesis, fibrosis, inflammation, and insulin re-
sistance. Understanding this context-dependent role may help guide the development of
more selective therapeutic strategies, although current evidence is derived mainly from
preclinical studies and clinical validation remains limited.

Abstract

Type 2 diabetes mellitus (T2DM) is a global epidemic driven by chronic hyperglycemia,
leading to severe microvascular and macrovascular complications. Hypoxia is a critical
pathogenic factor, and hypoxia-inducible factor 1α (HIF-1α) serves as a central transcrip-
tional regulator of cellular adaptation to low oxygen. This review examines the dual roles
of HIF-1α in T2DM and its complications, including diabetic kidney disease, retinopathy,
obesity-related insulin resistance, and impaired wound healing. HIF-1α exerts protective
effects by enhancing glycolysis, reducing oxidative stress, and promoting angiogenesis,
but it can also be detrimental by driving pathological neovascularization, fibrosis, and
chronic inflammation. Its functional outcomes depend on tissue type, disease stage, and
metabolic context, posing therapeutic challenges. Emerging pharmacologic strategies aim
to fine-tune HIF-1α activity. A deeper understanding of the spatiotemporal regulation of
HIF-1α signaling may inform more targeted therapeutic strategies, though considerable
preclinical and clinical challenges remain.

Keywords: diabetic complications; hypoxia-inducible factor 1α; metabolic reprogramming;
molecular targets; T2DM

1. Introduction
Diabetes mellitus (DM) is a major component of the metabolic syndrome, which is

defined as the coexistence of elevated blood pressure, insulin resistance, obesity and dyslipi-
demia, in particular hypertriglyceridemia and a reduced ratio of high-density lipoprotein
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(HDL) to low-density lipoprotein (LDL) [1]. DM is characterized by chronic hyperglycemia
resulting from impaired insulin secretion, insulin resistance, or both. Prolonged hyper-
glycemia drives systemic damage and dysfunction in critical organs, including the kidneys,
retina, and cardiovascular system [2].

In 2021, diabetes affected approximately 537 million adults worldwide, with the
number projected to increase to 643 million by 2030 and 783 million by 2045. Type 2 diabetes
mellitus (T2DM) accounts for more than 90% of all diabetes cases [3,4]. T2DM arises
from insulin resistance coupled with progressive pancreatic β-cell dysfunction, leading
to chronic hyperglycemia and systemic metabolic stress. These derangements promote
both microvascular complications (diabetic nephropathy, retinopathy, and neuropathy) and
macrovascular diseases (cardiovascular disease and stroke), which remain leading causes
of disability and mortality [5]. The escalating global burden underscores the urgent need
for improved prevention and treatment strategies.

Hypoxia, defined as oxygen levels below physiological requirements, has recently
been identified as a central factor in the pathogenesis of diabetes. Hypoxic conditions
have been reported in the retina, kidney, pancreatic islets, adipose tissue, and skin of
diabetic patients, indicating that insufficient oxygen supply is directly involved in disease
progression and complications [6].

Oxygen is essential for aerobic metabolism and cellular energy production through
mitochondrial oxidative phosphorylation. Disruption of oxygen homeostasis induces a
hypoxic state, which reduces ATP generation, disturbs the redox balance, and activates a
cascade of pathological events. At the molecular level, hypoxia stabilizes hypoxia inducible
factors (HIFs), which initiate transcriptional programs that promote cellular adaptation
but can also increase oxidative stress through mitochondrial electron transport chain dys-
function [7,8]. During this process, the HIF-α subunit (primarily HIF-1α) is stabilized
and translocated to the cell nucleus, where it subsequently binds to HIF-1β to form a het-
erodimer; this heterodimer initiates downstream transcriptional programs by recognizing
and binding to the hypoxia response element (HRE) within the regulatory elements of
target genes.

HIF-1α is a central regulator of oxygen homeostasis and metabolic reprogramming. In
diabetes, hyperglycemia has been shown to suppress HIF-1α activity in a tissue-specific
manner, leading to impaired adaptation to hypoxia and aggravation of cellular injury [6].
Nevertheless, this suppression is not uniform across all cell types; in certain contexts, such
as glomerular mesangial cells and adipose tissue of obese individuals, hyperglycemia or
hypoxia can instead stabilize HIF-1α [9,10], underscoring that the regulation of HIF-1α
is highly dependent on cell type and microenvironment. HIF-1α links hypoxic signaling
with the pathophysiology of T2DM and its complications, which makes it an important
therapeutic target.

Literature Search Strategy. A targeted narrative literature search was conducted in
PubMed and Web of Science using combinations of the terms “HIF-1α”, “HIF-1”, “HIF-2α”,
“type 2 diabetes”, “insulin resistance”, “diabetic kidney disease”, “diabetic retinopathy”,
“diabetic wound healing”, and “obesity”. English-language articles published from 2000 to
2026 were considered, with emphasis on original mechanistic studies, clinical evidence, and
recent high-quality reviews. Additional studies were identified by screening the reference
lists of relevant articles.

2. Pathophysiology of Diabetes Mellitus
DM encompasses a group of metabolic disorders defined by chronic hyperglycemia,

which over time leads to progressive dysfunction and damage in multiple organs, includ-
ing the eyes, kidneys, nervous system, and cardiovascular tissues [11,12]. DM is broadly
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classified into type 1 (T1DM) and type 2 (T2DM), with the latter accounting for the vast
majority of cases [13]. T2DM has become a global epidemic, with its prevalence more than
doubling over the past two decades, and Asia emerging as a major epicentre of this rapidly
growing burden [14,15]. The disease is characterized by insulin resistance, dysregulated
glucose metabolism, and progressive β-cell failure, which manifest as reduced cellular
responsiveness to insulin, impaired glucose uptake, and inadequate compensatory insulin
secretion [16]. These metabolic derangements frequently lead to severe complications, in-
cluding visual impairment, cardiovascular disease, and peripheral vascular damage [17,18].
Accumulating evidence highlights obesity-associated chronic low-grade inflammation as a
key contributor to T2DM pathogenesis [4]. Given its high prevalence and strong links to
modifiable lifestyle factors, T2DM remains a major research focus. This review therefore
concentrates on the pathogenesis and complications of T2DM, as well as the regulatory role
of HIF-1α in these processes.

Pancreatic β-cells require substantial oxygen for mitochondrial respiration to meet the
energy demands of insulin synthesis and secretion. Under metabolic overload, heightened
oxygen utilization induces intracellular hypoxia [19]. Experimental studies reveal that
β-cells exposed to elevated glucose levels in vitro adopt a hypoxic state, stabilizing HIF-
1α [20,21]. HIF-1α upregulates the expression of hypoxia-responsive genes, including
vascular endothelial growth factor (VEGF) to mediate angiogenesis, erythropoietin (EPO)
to stimulate erythropoiesis, and glycolytic enzymes that facilitate glucose metabolism [21].
This metabolic shift prioritizes glycolysis over mitochondrial ATP generation, a survival
mechanism under oxygen scarcity [21]. Genetic mouse models with β-cell-specific deletion
of HIF-1α or HIF-1β exhibit glucose intolerance resulting from impaired insulin secretion,
independent of islet cell loss, which underscores the essential contribution of hypoxic
signaling to β-cell functional regulation [19,22]. Persistent failure to mount adequate
hypoxic responses may therefore accelerate β-cell deterioration [19]. As a result, timely
activation of mechanisms adapted to hypoxia is required for regulation, and HIF-1α is
an important factor in the corresponding hypoxic response. Collectively, these findings
suggest that HIF-1α helps β-cells adapt to metabolic stress. Under hypoxic conditions, its
transient activation may facilitate glycolytic compensation and insulin secretion, whilst
sustained or excessive activation may impair mitochondrial metabolism and β-cell function.
Consequently, both insufficient and excessive HIF-1α activity may have adverse effects,
highlighting the double-edged nature of HIF-1α in the pathogenesis of diabetes.

3. Family of Hypoxia-Inducible Factors (HIFs)
The HIFs family members are heterodimeric proteins composed of oxygen-sensitive α-

subunits (HIF-1α, HIF-2α, HIF-3α) and a constitutively expressed β-subunit (HIF-1β) [23–27].
These subunits share three conserved structural domains critical for their function [28]:
(1) N-terminal basic helix–loop–helix (bHLH) domain: Located in the amino-terminal
region, this domain facilitates dimerization through its helix–loop–helix (HLH) motif and
enables DNA binding via its basic residues, a hallmark of eukaryotic transcription fac-
tors. (2) Per-ARNT-Sim (PAS) domain: Positioned centrally, the PAS domain mediates
heterodimer assembly through interactions with partner subunits. (3) C-terminal transacti-
vation domain (TAD): The carboxyl terminus houses TADs (TAD-N and TAD-C in HIF-1α),
which recruit transcriptional coactivators to drive target gene expression [28]. Furthermore,
all HIF-α subunits differ from HIF-1β in that their structures contain an oxygen-dependent
degradation domain (ODDD) that overlaps with the N-TAD. This ODDD plays a key role
in mediating the regulation of HIF-α stability by oxygen [29].

Structurally, HIF-1α and HIF-1β comprise 826 and 789 amino acids, respectively. Their
heterodimerization depends on conserved regions within the N-terminal half, including the
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HLH motif and two PAS subdomains (PAS-A and PAS-B) (Figure 1). Sequences upstream of
the HLH domain in both subunits further enable binding to HREs in target gene promoters,
a prerequisite for hypoxia-driven transcription [23].

Figure 1. Domain structure of the HIF heterodimer. The HIF family comprises heterodimeric proteins
with an oxygen-sensitive α-subunit (HIF-1α, HIF-2α, or HIF-3α) and a constitutively expressed
β-subunit (HIF-1β). HIF-1α (826 amino acids) and HIF-1β (789 amino acids) dimerize via conserved
N-terminal domains: two Per-ARNT-Sim (PAS-A and PAS-B) subdomains and a HLH motif. A basic
region upstream of the HLH domain in both subunits binds HREs in target gene promoters, enabling
hypoxia-driven transcriptional regulation. Created with BioRender.com (https://BioRender.com,
accessed on 17 March 2026).

Under normoxia, HIF-1α stability is tightly regulated: hydroxylation of specific pro-
line residues allows recognition by the von Hippel–Lindau (VHL) E3 ubiquitin ligase
complex, leading to ubiquitination and subsequent proteasomal degradation [25]. Hypoxia
inhibits this hydroxylation, drastically reducing ubiquitination and enabling HIF-1α accu-
mulation [30]. Although both HIF-1 and HIF-2 regulate hypoxia-responsive transcription,
their oxygen-sensitive α subunits differ in tissue distribution, target-gene preference, and
biological function. HIF-1α is more broadly expressed, whereas HIF-2α shows a more
restricted and cell-type-specific distribution [24].

Given that HIF-1α is the most ubiquitously expressed isoform and the predominant
mediator of systemic hypoxic adaptation, the following sections focus specifically on the
role of HIF-1α in T2DM and its complications.

4. Role of HIF-1α in Glucose Metabolism Imbalances
4.1. Molecular Mechanisms of HIF-1α in Insulin Regulation

DM is fundamentally a metabolic disorder rooted in dysfunctional insulin secretion,
impaired insulin action, or both, which disrupts glucose homeostasis and directly drives
disease progression [31]. Insulin, the central hormone governing glucose metabolism,
regulates peripheral tissue glucose uptake and utilization, with its dysregulation serving as
the primary catalyst for hyperglycemia [32]. Hypoxia and immune-metabolic crosstalk have
been increasingly recognized as important contributors to the pathogenesis of T2DM [33].
Poor glycemic control not only accelerates diabetic complications such as retinopathy
and nephropathy but also establishes a vicious cycle, where these complications further
destabilize blood glucose levels, amplifying disease severity [34]. Central to this interplay
is hypoxia, which exacerbates insulin resistance and mitochondrial dysfunction across
tissues [35].

In cardiomyocytes of diabetic patients, hypoxia and reduced HIF-1α expression im-
pair glucose uptake and exacerbate insulin resistance. Adipose tissue hypoxia activates
HIF-1α, shifting cellular metabolism from oxidative phosphorylation to glycolysis—a
compensatory mechanism that paradoxically contributes to systemic metabolic dysregula-
tion [6,36]. Mitochondrial reactive oxygen species (ROS) overproduction is a key driver
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of diabetic complications [37]. Hyperglycemia-induced oxidative stress activates uncou-
pling protein-2 (UCP-2), which lowers the ATP/ADP ratio and disrupts ATP-dependent
processes critical for insulin synthesis, secretion, and signaling. Pancreatic β-cells are par-
ticularly vulnerable: oxidative damage from hyperglycemia-generated ROS and reactive
nitrogen species (RNS) reduces both insulin production and its biological effectiveness [38].
Furthermore, hyperglycemia-driven mitochondrial hypermetabolism in β-cells alters mito-
chondrial structure and function, disrupting the function of ATP-sensitive K+ channels and
thereby impairing glucose-stimulated insulin secretion [38].

Interestingly, HIF-1α overexpression under chronic hyperglycemia reduces mitochon-
drial ROS accumulation and protects renal epithelial cells from apoptosis [36]. Conversely,
adipocyte-specific HIF-1α depletion enhances glucose tolerance by elevating glucagon-like
peptide-1 (GLP-1) levels, likely through effects on intestinal L-cells or stability. GLP-1
enhances insulin secretion, promotes β-cell proliferation, and inhibits apoptosis, thereby
improving glucose-stimulated insulin secretion and glycemic control [39]. Insulin signaling
also regulates adipose regulatory T cell (Treg) plasticity via the HIF-1α-Med23-PPAR-γ axis.
In CD73hiST2lo adipose Tregs, deficiencies in insulin receptor, HIF-1α, or Med23 downregu-
late PPAR-γ, promoting adenosine production and brown adipogenesis [40,41]. Adenosine
from these Tregs suppresses inflammation and sustains insulin sensitivity, underscoring
their role in metabolic homeostasis [40].

4.2. Molecular Mechanisms of HIF-1α in Glucose Transport

Defective glucose uptake, mitochondrial dysfunction, and reduced glycolysis are
hallmarks of both type 1 and type 2 diabetes [42]. Glycolysis, the cytoplasmic pathway
converting glucose to pyruvate, serves dual roles: generating ATP and directing excess
carbon flux toward lipid synthesis, a process critical for energy storage and membrane
biosynthesis [43]. Therapeutic strategies targeting these metabolic nodes are being actively
investigated. Metformin, a first-line antidiabetic agent, is a widely used insulin sensitizer
in current clinical use. Its action regulates multiple biological pathways. With respect to
glucose homeostasis, it acts primarily by improving insulin-mediated inhibition of hepatic
glucose production and augmenting insulin sensitivity. It ameliorates hyperglycemic
symptoms in part by activating AMP-activated protein kinase (AMPK), which enhances
glucose transporter-4 (GLUT-4) translocation [44,45]. Insulin orchestrates these metabolic
processes by activating glucose transporters GLUT-4 and key glycolytic enzymes, including
hexokinase, phosphofructokinase, and pyruvate kinase. Specifically, insulin binds to
its receptor, promoting GLUT-4 translocation to the plasma membrane and enhancing
glucose influx into cells. Concurrently, insulin stimulates the transcription and post-
translational modification of glycolytic enzymes, thereby accelerating glucose catabolism
and lowering blood glucose levels [42]. However, in diabetic states, insulin resistance or
deficiency disrupts these regulatory mechanisms, leading to hyperglycemia and ectopic
lipid accumulation in non-adipose tissues, such as the liver and skeletal muscle.

Under hypoxia, HIF-1α is responsible for reprogramming of metabolic pathways.
HIF-1α is essential for many physiological and pathological processes by controlling the
expression of genes involved in glucose metabolism, erythropoiesis/iron metabolism,
vascular resistance, and circadian rhythms. In most mammalian cells, glucose uptake is me-
diated by facilitated diffusion through membrane transporters of the GLUT family. HIF-1α
acts as a key metabolic regulator and a transcriptional switch. The promoter of GLUT-
1 contains HIF-1-binding sites, and HIF-1α directly induces GLUT-1 expression [46,47].
GLUT-1 is ubiquitously expressed in most normal tissues and is responsible for basal glu-
cose transport; under hypoxic conditions, its expression is upregulated to meet increased
glycolytic demands [48]. The effects of HIF-1α on glucose metabolism are thus intimately
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linked to the regulation of glucose uptake, glycolysis, and the tricarboxylic acid (TCA)
cycle. Cellular studies demonstrate that HIF-1α critically regulates glucose uptake and
glycolytic enzyme activity, significantly amplifying glycolysis [39]. In hypoxia, HIF-1α
overexpression drives lactate overproduction and activates signaling pathways that allevi-
ate oxidative stress. HIF-1α upregulates GLUT-1 expression, which is three- to five-fold
more abundant under hypoxia, thereby enhancing glucose uptake and glycolysis while
suppressing oxidative phosphorylation [39,49,50]. In certain contexts, HIF-1α may also
influence GLUT-4 expression or translocation, contributing to increased glucose uptake;
GLUT-1 mediates basal uptake, whereas GLUT-4 is the insulin-responsive transporter [51].
These adaptive mechanisms collectively mitigate diabetic progression.

4.3. Molecular Mechanisms of HIF-1α in β-Cell Function

T2DM is a chronic metabolic disease defined by persistently elevated blood glucose
levels. Pancreatic β-cells, the sole producers of insulin under physiological conditions, are
essential for maintaining systemic glucose homeostasis [52]. In healthy β-cells, adaptive
functional and qualitative changes effectively counteract insulin resistance to preserve nor-
mal glucose tolerance. However, β-cell dysfunction disrupts this equilibrium, progressing
to impaired glucose tolerance, elevated fasting glucose, and ultimately overt T2DM [53].
During diabetes development, pancreatic islets undergo compensatory hypermetabolism
to offset insulin resistance. This sustained metabolic overload exhausts β-cells, culminating
in their failure to regulate blood glucose [21].

β-cells require high oxygen consumption for mitochondrial oxidative phosphory-
lation to sustain insulin secretion, which renders them highly susceptible to hypoxia.
Evidence indicates that hypoxia exacerbates β-cell dysfunction and accelerates T2DM
progression [20,21,52]. In cultured rat pancreatic islets, glucose stimulation upregulates
glycolytic enzymes and HIF target genes, with this response dependent on both HIF
isoforms [20]. Murine studies reveal that β-cell-specific HIF-1α deficiency impairs glucose-
stimulated ATP synthesis, reducing insulin production, secretion, and glycolytic gene
expression [22,54]. Similarly, mice lacking HIF-1β in β-cells develop glucose intolerance
due to defective insulin secretion and altered islet gene profiles [54,55]. Conversely, HIF-1β
overexpression in hypoglycemic islets enhances β-cell metabolic signaling, and presenilin
upregulation induces HIF-1β expression [55]. These findings further suggest that the HIF-1
heterodimer (comprising HIF-1α and HIF-1β) plays a key role in β-cell metabolic adapta-
tion, and that the initiation and degree of this effect are largely determined by the HIF-1α
subunit. In contrast to the established role of HIF-1α in β-cell metabolic adaptation, the
contribution of HIF-2α remains less clearly defined. In one β-cell-specific overexpression
model, HIF-2α did not substantially alter systemic glucose homeostasis [54], suggesting
that the relationship between the two isoforms is not uniformly antagonistic across tissues.
Further cell-specific loss- and gain-of-function studies are required to determine whether
HIF-2α modifies the narrow HIF-1α activity window in β-cells.

Notably, both HIF-1α deficiency and excessive HIF-1α activation in β-cells have
been associated with impaired insulin secretion, indicating that HIF-1α activity must be
maintained within an optimal range. This narrow therapeutic window poses a significant
challenge for HIF-1α-targeted therapies in diabetes.

5. The Role of HIF-1α in Diabetic Complications
5.1. Molecular Mechanisms of HIF-1α in Diabetic Kidney Disease (DKD)

Chronic hypoxia is widely recognized as a central pathological mechanism underlying
progressive kidney diseases, including diabetic kidney disease (DKD) [56]. As a major
microvascular complication of DM, DKD progression involves multiple factors, with
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disturbances in oxygen and glucose metabolism playing pivotal roles [57]. Among these
pathological drivers, dysregulated oxygen metabolism exacerbates renal injury in DKD by
promoting hypoxia, oxidative stress, and accumulation of advanced glycation end-products
(AGEs) [58,59]. Under diabetic conditions, a complex interplay exists where mitochondrial
ROS overproduction can paradoxically influence PHD activity and HIF-1α stability in
tubular cells, potentially disrupting adaptive hypoxic responses. Concurrently, AGEs bind
to their receptor (RAGE) [60], activating NF-κB and amplifying inflammatory cascades that
exacerbate tubular atrophy and interstitial fibrosis [61].

In DKD, HIF-1α activation in renal tubular cells exerts protective effects against renal
injury [58,62]. HIF-1α ameliorates mitochondrial dysfunction and limits mitochondria-
dependent apoptosis in renal tubular cells through the HO-1 pathway, and HO-1 exerts
anti-apoptotic, antioxidant, and anti-inflammatory effects [58] by decreasing the levels of
the pro-apoptotic protein Bax [63] and the pro-inflammatory/promotional oxidative protein
nitric oxide synthase (iNOS), as well as by increasing the levels of the anti-apoptotic protein
Bcl-xl and the anti-nitrosative protein bilirubin [58]. HIF-1α activation induces pyruvate
dehydrogenase kinase, thereby inhibiting pyruvate dehydrogenase, reducing pyruvate
entry into the TCA cycle, and shifting metabolism from oxidative phosphorylation toward
glycolysis [50]. Additionally, HIF-1α inhibits mitochondrial biogenesis and oxidative
function while promoting the autophagic removal of damaged mitochondria, a process
critical for cellular adaptation to hypoxia and oxidative stress [64].

HIF-2α and HIF-1α share a similar protein structure and have overlapping yet spe-
cific target genes, resulting in synergistic or inhibitory effects [65]. A study found that
mitochondria in renal tubular epithelial cells in DKD exhibit characteristics of ferroptosis.
Maintaining the homeostasis of HIF-1α/HIF-2α is crucial for mitigating ferroptosis. By
upregulating HIF-1α and downregulating HIF-2α, fasting blood glucose and proteinuria
can be improved, thereby alleviating renal fibrosis and tubular damage [65].

However, in the long term, the role of HIF-1α in DKD is not entirely protective. Emerg-
ing evidence suggests that hypoxia in the DKD microenvironment suppresses fatty acid
oxidation and promotes lipid synthesis through the HIF-1α pathway, potentially exacer-
bating lipotoxicity, inflammation, and fibrosis [66]. This contextual duality—protective in
some settings but deleterious in others—underscores the need for nuanced, temporally
controlled modulation of HIF-1α in DKD therapy.

5.2. Molecular Mechanisms of HIF-1α in Diabetic Retinopathy (DR)

Diabetic retinopathy (DR) is one of the most common and severe microvascular com-
plications of diabetes and represents a leading cause of vision loss and blindness [67]. The
pathogenesis of DR is mainly characterized by the release of inflammatory and oxidative
cytokines and the sensitivity of the neural retina to noxious local microenvironmental
stimuli [68], leading to retinal cell loss, vascular dysfunction and neovascularization [69,70].
Hyperglycemia-induced pathological angiogenesis in retinal endothelial cells is central to
DR progression. HIF-1α, a key mediator of cellular adaptation that also interacts with ROS
signaling, reduces ROS levels by shifting energy production from oxidative phosphory-
lation to glycolysis [69]. However, hyperglycemia and hypoxia synergistically stabilize
HIF-1α, leading to excessive VEGF expression in a spatiotemporally coordinated manner.
Elevated VEGF promotes aberrant angiogenesis and increases endothelial permeability,
directly linking HIF-1α activation to pathological retinal vascular remodeling [67].

Peroxisome proliferator-activated receptor γ co-activator-1α (PGC-1α) is a down-
stream target of HIF-1α and a key regulator of energy metabolism. In retinopathy, up-
regulation of PGC-1α exerts a clear protective effect by inhibiting reactive oxygen species
production, inflammation and vascular dysfunction; conversely, the absence of PGC-1α
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leads to metabolic dysfunction and retinal degeneration [70,71]. However, in hypoxic
microenvironments under pathological conditions such as diabetes, activated HIF-1α medi-
ates methylation of the PGC-1α promoter region via EZH2 (enhancer of zeste homologue
2), thereby suppressing PGC-1α expression at the transcriptional level. This negative
regulatory relationship has been confirmed by research: following HIF-1α knockdown,
PGC-1α expression is significantly up-regulated, indicating that PGC-1α is indeed subject
to transcriptional repression by HIF-1α [70]. It is thus evident that the abnormal activation
of HIF-1α in disease states suppresses PGC-1α, weakening its endogenous protective func-
tion and thereby exacerbating the severity of DR; conversely, inhibiting HIF-1α through
therapeutic intervention can lift its transcriptional suppression of PGC-1α, allowing PGC-
1α to resume its protective upregulation. These findings strongly support the targeting of
HIF-1α as a potential therapeutic strategy for alleviating retinopathy.

5.3. Molecular Mechanisms of HIF-1α in Adiposity and Obesity

Obesity and diabetes are two escalating global health challenges, with obesity being a
major contributor to T2DM [72]. Obesity, characterized by chronic hypoxia and reduced
nitric oxide (NO) bioavailability, triggers low-grade inflammation in adipose tissue, liver,
and skeletal muscle [73]. This inflammatory response promotes systemic insulin resistance,
hyperinsulinemia, and glucose intolerance, and is causally linked to adipose tissue hypoxia
and chronic inflammation—the central driver of metabolic dysregulation in most T2DM
patients [74].

With the onset of obesity, adipose tissue becomes hypoxic. Due to uncoupled respira-
tion in adipocytes, obese patients have reduced capillary density and reduced perfusion
of adipose tissue, which impairs oxygen delivery and leads to hypoxia [75]. Hypoxia
stabilizes HIF-1α in adipocytes, which, alongside NF-κB, amplifies inflammatory pathways
and exacerbates metabolic dysfunction. This hypoxic microenvironment recruits classi-
cally activated M1 macrophages, perpetuating adipose inflammation [39]. Mechanistically,
adipocyte-specific HIF-1α overexpression induces inflammation and insulin resistance by
activating fibrotic pathways [75]. HIF-1α upregulates suppressor of cytokine signaling 3
(SOCS3), which inhibits Janus kinase (JAK) activity and subsequently suppresses STAT3-
mediated adiponectin production, thereby aggravating insulin resistance [76]. Consistent
with these findings, HIF-1α stabilization promotes fibrosis, inhibits adiponectin signaling,
and contributes to insulin resistance in experimental obesity models [33]. Adipose tissue
inflammation thus serves as a hallmark of obesity and a principal driver of systemic insulin
resistance in the context of obesity and T2DM [10,77]. Olefsky and colleagues demonstrated
that adipocyte-specific deletion of HIF-1α markedly reduces inflammatory responses in
both adipose tissue and liver, while concurrently improving systemic insulin sensitivity in
liver and skeletal muscle. In contrast, loss of adipocyte HIF-2α exacerbates inflammation
and worsens insulin resistance, suggesting that HIF-2α normally protects against obesity-
induced insulin resistance. Further work from this group revealed that HIF-1α actively
promotes inflammation and impairs insulin sensitivity, whereas HIF-2α exerts its protective
effects, at least in part, by counteracting HIF-1α [10].

Beyond these signaling pathways, HIF-1α also modulates inflammatory responses
through the regulation of NO metabolism. Specifically, HIF-1α is capable of upregulating
the transcription of inducible iNOS, thereby producing NO, which stimulates inflammation
via ROS, impairs adipocyte function, and exacerbates obesity. Mice lacking HIF-1α or
HIF-1β in their adipocytes are protected from high-fat diet-induced insulin resistance.
Conversely, HIF-2α maintains NO homeostasis by reducing NO production and promoting
the expression of arginase 1 (ARG1) [10,78]. To better understand the interaction between
the two HIF-α isoforms in obesity, researchers generated adipocyte-specific HIF-1α/HIF-
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2α double-knockout mice. These double-knockout mice almost exactly replicated all the
phenotypes observed in HIF-1α knockout mice: improved glucose tolerance and insulin
sensitivity, reduced NO production, and attenuated inflammation and fibrosis in adipose
tissue. These results suggest that HIF-1α plays a leading role in promoting the development
of obesity-induced insulin resistance, whilst HIF-2α halts the progression of pathological
metabolism by inhibiting HIF-1α activity [79]. However, the precise molecular mechanisms
underlying their opposing actions in dysfunctional adipocytes remain incompletely under-
stood. Moreover, the possibility that HIF-2α possesses additional protective mechanisms
operating in parallel with or independently of HIF-1α should not be excluded and warrants
further investigation.

5.4. Molecular Mechanisms of HIF-1α in Impaired Wound Healing

With an aging global population and the rising prevalence of diabetes, the burden
of diabetic ulcers and impaired wound healing is a growing concern [80]. In diabetic
patients, hyperglycemia-induced endothelial dysfunction may impair angiogenesis and
further lead to delayed wound healing [80,81]. Impaired wound healing and chronic
ulcers in diabetic patients represent a major cause of morbidity and mortality [82,83].
Diabetic wounds, including foot and leg ulcers, affect approximately 20% of people with
diabetes [84]. Globally, diabetic wounds are a major health issue. Impaired and delayed
healing of such wounds leads to complications, including severe infections and lower limb
amputations, which have attracted particular clinical attention [84].

It has been reported that hypoxia plays a key role in the impaired healing of diabetic
wounds, as reduced oxygen supply to injured tissues hinders important cellular repair
mechanisms [85]. Hyperglycemia is a characteristic of diabetes, and it causes a series of
biochemical changes that interfere with the normal wound healing process. One of these
changes is a reduction in oxygen supply to the tissue. Hyperglycemia causes problems
with the cells lining the blood vessels and damages small blood vessels, thereby reducing
blood flow to the wound and affecting oxygen supply [84]. Wound repair, a dynamic and
coordinated process involving epithelialization, angiogenesis, granulation tissue formation,
and wound contraction, is critically regulated by HIF-1α [86]. HIF-1α drives the expression
of angiogenic factors such as VEGF [80], enhances cellular motility [87], and recruits
endothelial progenitor cells to injury sites [88,89]. VEGF, in turn, regulates endothelial cells
at different stages of angiogenesis. In the inflammatory phase, VEGF increases vascular
permeability, affects the expression of endothelial cell selectins and intercellular adhesion
molecules, and ultimately promotes leukocyte recruitment to the site of injury. In the
proliferative phase, VEGF strongly stimulates the proliferation of endothelial cells. In
addition, VEGF was found to regulate endothelial cell migration. In the remodeling phase,
VEGF induces the assembly of endothelial cells to promote lumen formation [90,91].

In endothelial cells, HIF-1α further promotes tissue repair by activating stromal cell-
derived factor-1 (SDF-1), a chemokine essential for regenerative signaling [88]. Notably,
growth differentiation factor 11 (GDF11) accelerates diabetic wound healing by mobi-
lizing endothelial progenitor cells and stimulating neovascularization through the HIF-
1α/VEGF/SDF-1 signaling axis [92]. Furthermore, research has shown that HIF-2α and
HIF-1α play different roles in wound healing; the absence of HIF-2α in the epidermis can
enhance the skin’s antimicrobial activity, reduce the acute inflammatory response and
promote wound repair [93].

6. Discussion
DM remains a global epidemic, contributing to morbidity and mortality in millions of

individuals across developed and developing nations [94,95]. T2DM is characterized by
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chronic hyperglycemia, metabolic stress, and progressive injury across multiple organs [96].
Hypoxia, oxidative stress, and inflammation interact within these tissues, but the resulting
HIF-1α response is not uniform. Instead, its biological consequences depend on the cell
type, disease stage, and duration of pathway activation.

HIF-1α serves as a core regulator of cellular adaptation to hypoxia and plays a complex
and sometimes contradictory role in the development of T2DM and its complications
(Figure 2). In fact, the regulation of HIF-1α by hyperglycemia is not inherently contradictory,
but rather exhibits cell-context-specificity. In diabetes, although multiple tissues are in a
state of hypoxia, due to insufficient activation of the HIF signaling pathway, the stability
and function of HIF-1α are frequently suppressed by hyperglycemia and elevated free
fatty acids, leading to impaired adaptive hypoxic responses—a phenomenon that has
been confirmed in dermal fibroblasts, endothelial cells, cardiomyocytes and proximal
tubule cells [97–99], with the inhibitory effect of hyperglycemia being dose-dependent
and associated with reduced HIF-1α transcriptional activation capacity [6,97]. However,
paradoxically, in glomerular mesangial cells, hyperglycemia activates HIF-1α signaling via
a mechanism mediated by carbohydrate response element-binding protein (ChREBP) [9];
simultaneously, in adipose tissue of obese individuals, enlarged adipocytes are in a state
of relative hypoxia due to insufficient oxygen supply, which is likewise accompanied by
the induction of HIF-1α [10]. This seemingly contradictory phenomenon actually stems
from the fact that HIF-1α regulation is highly cell-type-dependent and microenvironment-
dependent; its ultimate effects depend on the concentration of hyperglycemia, the degree
of hypoxia, and the interactions between downstream signaling pathways in different
tissues. This differential regulation provides a mechanistic basis for understanding the
dual protective and pathogenic roles played by HIF-1α in various diabetic complications.

Figure 2. HIF-1α exhibits dual and context-dependent roles in T2DM and its complications. In
T2DM, HIF-1α attenuates mitochondrial ROS overproduction while enhancing glucose uptake and
glycolysis through upregulation of GLUT-1. In DKD, HIF-1α ameliorates mitochondrial dysfunction
in renal tubular cells by inducing HO-1 expression. Concurrently, it promotes wound healing via
tissue repair mediated by SDF-1. However, in DR, HIF-1α-driven VEGF overexpression induces
pathological neovascularization, contributing to vision loss. Furthermore, in obesity-associated
metabolic dysregulation, HIF-1α exacerbates insulin resistance by activating SOCS3. These opposing
effects underscore the therapeutic challenge of selectively targeting HIF-1α pathways to balance
its protective and detrimental outcomes across diabetic pathologies. Created with BioRender.com
(https://BioRender.com, accessed on 17 March 2026).
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Beyond tissue-level differences, emerging single-cell and cell-resolved studies reveal
substantial heterogeneity in HIF-1α signaling among distinct cell populations within dia-
betic organs. In DKD, HIF-1α is expressed primarily in the tubular epithelial cells of most
nephron segments, whilst HIF-2α is mainly found in vascular endothelial cells and interstitial
cells [1,6,7]. In DR, single-cell analysis has shown that HIF-1α is significantly activated in cone
cells and retinal Müller cells [8,9]; by upregulating VEGF, it drives pathological angiogene-
sis, highlighting that even within the same organ, HIF-1α can produce markedly different
effects depending on the target cell type. In diabetic wound healing, HIF-1α is significantly
up-regulated in fibroblasts, where it activates a variety of downstream factors to promote cell
motility, proliferation, angiogenesis, re-epithelialization and cell survival [10]; simultaneously,
its stabilization in endothelial cells stimulates VEGF-dependent signaling [11], further enhanc-
ing angiogenesis, thereby jointly promoting tissue repair. Furthermore, in DKD, increased
stability and expression of HIF-1α in macrophages promote glycolytic reprogramming and
are positively correlated with M1 pro-inflammatory macrophage polarization [12], thereby
amplifying tissue inflammation. All things considered, these findings shift the understand-
ing of the mechanisms underlying HIF-1α function from a tissue-centred perspective to a
cell-type-specific one, and strongly suggest that future therapeutic strategies must not only
take the tissue context into account, but also consider the unique HIF-1α regulatory net-
works within specific cell populations. This is crucial for achieving the precision required for
isoform-selective and cell-targeted interventions in the management of diabetic complications.

The HIF-1α signaling pathway plays both a protective and a pathogenic role in T2DM
and its complications, making it a potential but challenging therapeutic target. Two broad
pharmacological approaches have been investigated. The first involves PHD inhibitors,
also referred to as pharmacological HIF stabilizers. By inhibiting PHD-dependent hydrox-
ylation of HIF-α subunits, these agents reduce VHL-mediated proteasomal degradation
and increase the abundance of transcriptionally active HIF complexes. Importantly, most
PHD inhibitors are not strictly selective for HIF-1α and may also influence HIF-2α sig-
naling. Roxadustat, a representative PHD inhibitor, was approved in China in 2018 for
renal anaemia in chronic kidney disease (CKD); clinical trials have demonstrated benefits
in dialysis patients, including reduced cardiovascular events and mortality, attenuated
endothelial injury, improved vascular stiffness, preserved residual renal function, and
enhanced water/sodium excretion [100]. However, its efficacy in diabetic complications
remains predominantly supported by preclinical evidence [101–103]. The second approach
involves inhibition of HIF-1α accumulation or transcriptional activity. Such interventions
may reduce HIF-1α-driven pathological angiogenesis, inflammation, or metabolic dysfunc-
tion in selected disease contexts. PX-478 has demonstrated efficacy in preclinical models of
DR [104] and has also completed a Phase I clinical trial in solid tumours [105]. Although
neither Roxadustat nor PX-478 has yet been studied in clinical trials specifically for T2DM
and its complications, the accumulated preclinical and clinical data suggest that both classes
of agents—and HIF-1α itself—remain promising therapeutic targets.

Despite this promise, however, traditional systemic administration carries the risk of off-
target effects and uncontrollable side effects, which limit the clinical translation of these drugs
for diabetic complications. In recent years, preclinical advances in tissue-specific delivery
systems have opened up new avenues for overcoming this bottleneck: the use of extracellular
vesicles (EVs) to deliver the HIF-1α stabilizer VH298 specifically to endothelial cells can selec-
tively enhance angiogenic capacity [80]; co-delivery of HIF-1α stabilizers with alginate-based
nanomaterials can simultaneously promote wound hydration and angiogenesis [84]; the
newly developed PN@MHV nanocomposite hydrogel utilises folate-modified nanoparticles
to target PX-478 to M1 macrophages, thereby achieving bidirectional glycolytic regulation
of HIF-1α, which promotes fracture healing in a diabetic model whilst suppressing inflam-
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mation [106]. In this context, precision modulation refers to controlling the HIF isoform,
target cell type, tissue distribution, disease stage, exposure duration, and dose, rather than
uniformly activating or inhibiting the pathway throughout the body. Achieving this goal will
require isoform-selective agents, cell-targeted delivery, temporally controlled release, and
pharmacodynamic biomarkers that indicate whether HIF-1α signaling is being modulated
within the intended therapeutic window. Consequently, future research should focus on
integrating the aforementioned small-molecule drugs into advanced nanoscale or hydrogel
delivery systems to achieve localised, controlled and on-demand release strategies—thereby
fully realising the potential of HIF-1α-targeted therapy whilst minimising systemic exposure,
and providing more precise and safer interventions for diabetic complications.

7. Conclusions
HIF-1α signaling in T2DM is neither uniformly protective nor uniformly pathogenic.

Its effects are determined by the target cell, tissue, disease stage, metabolic environment,
and duration of activation. Current evidence supports a narrow functional window in
which insufficient HIF-1α impairs adaptation, whereas excessive or persistent activity can
promote inflammation, fibrosis, pathological angiogenesis, and metabolic dysfunction.
Future studies should combine cell-resolved profiling with isoform-specific perturbation
and pharmacodynamic biomarkers to define when, where, and how HIF-1α signaling can
be safely modulated.
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VEGF vascular endothelial growth factor
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UCP-2 uncoupling protein-2
RNS reactive nitrogen species
GLP-1 glucagon-like peptide-1
AMPK AMP-activated protein kinase
Treg adipose regulatory T cell
GLUT-1 glucose transporter-1
GLUT-4 glucose transporter-4
DKD diabetic kidney disease
AGEs advanced glycation end-products
DR diabetic retinopathy
PGC-1α peroxisome proliferator-activated receptor gamma coactivator-1α
NO nitric oxide
SOCS3 suppressor of cytokine signaling 3
JAK Janus kinase
iNOS inducible nitric oxide synthase
ARG1 arginase 1
SDF-1 stromal cell-derived factor-1
GDF11 growth differentiation factor 11
TCA tricarboxylic acid cycle
EZH2 enhancer of zeste homologue 2
EVs extracellular vesicles
ChREBP carbohydrate response element-binding protein
CKD chronic kidney disease
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