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Abstract

Oncometabolites and hypoxia-regulated exosomes orchestrate hypoxia-inducible factor
(HIF)-driven macrophage reprogramming across chronic cardiometabolic and oncologic
conditions. In type 2 diabetes (T2D) and obesity, regional hypoxia in expanding white
adipose tissue (WAT) reconfigures macrophage immunometabolism and chemokine sig-
naling, recruits C-C chemokine receptor 2 (CCR2*) monocytes, and skews adipose-tissue
macrophages toward M1-like programs that sustain low-grade inflammation and blunt
the physiological M1-to-M2 transition during wound repair. In atherosclerotic plaques,
lipid-core hypoxia stabilizes HIF-1a, amplifies nuclear factor kappa-light-chain-enhancer
of activated B cells/reactive oxygen species (NF-kB/ROS) signaling, increases matrix met-
alloproteinase-2/-9 (MMP-2/-9) release, and reduces ATP-binding cassette transporter Al
(ABCA1)-mediated cholesterol efflux, weakening the fibrous cap. In tumors, poorly per-
fused niches accumulate lactate and succinate, which act as paracrine cues. Lactate acti-
vates PKA/cAMP pathways and promotes immunosuppressive tumor-associated macro-
phages (TAMs), whereas succinate signals through succinate receptor 1 (SUCNR1) to re-
inforce HIF-1la—dependent transcription and M2-like programming. In parallel, hypoxia-
regulated exosomes deliver microRNAs such as miR-301a-3p, which suppress phospha-
tase and tensin homolog (PTEN) and activate PI3Ky, thereby augmenting immunosup-
pression and programmed death-ligand 1 (PD-L1) expression. Clinically, this hypoxia—
oncometabolite-exosome triad links oxygen debt with macrophage state, plaque destabi-
lization, impaired wound repair, and tumor immune escape. Translational entry points
include selective HIF-2ax inhibition, phosphoinositide 3-kinase gamma (PI3Ky) blockade,
SUCNRLI targeting, and exosome-based miRNA modulation, while a biomarker panel
comprising HIF-1a, vascular endothelial growth factor A (VEGE-A), and MMP-9 offers a
pragmatic readout of hypoxia burden, macrophage programming, and therapeutic re-
sponse. We conducted a focused narrative review (PubMed, Scopus, Web of Science; Eng-
lish; 2003-2025), prioritizing mechanistic and translational studies on hypoxia—-HIF, lac-
tate/succinate, and hypoxia-regulated exosomes across T2D, atherosclerosis, and cancer.
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1. Introduction

Hypoxia (insufficient tissue oxygenation) reprograms macrophage immunometabo-
lism in type 2 diabetes (T2D), atherosclerosis, and cancer. Through hypoxia-inducible fac-
tors (HIF-1a/HIF-2ax), cells translate oxygen scarcity into distinct transcriptional programs;
HIF-1a predominates in acute hypoxia and drives glycolysis and inflammatory effectors,
whereas HIF-2a sustains angiogenic and adaptive outputs under chronic hypoxia—the
HIF isoform switch [1-3]. These isoform-specific programs reconfigure macrophage states
along a continuum that extends beyond the M1/M2 dichotomy, thereby influencing tissue
remodeling, inflammation, and immunity [4,5].

Beyond oxygen tension, two hypoxia-linked signals act as potent cross-disease mac-
rophage cues. Lactate accumulates in poorly perfused niches, polarizes tumor-associated
macrophages (TAMs), and induces vascular endothelial growth factor-A (VEGF-A) in a
HIF-1a-dependent manner; succinate released by cancer cells activates succinate receptor-
1 (SUCNR1/G-protein—coupled receptor 91 (GPR91)) and converges on the phosphoinosi-
tide 3-kinase (PI3K)-HIF-1a axis to reinforce M2-like programs and migration [6-9]. In
parallel, hypoxia-regulated exosomes deliver microRNA cargo—exemplar microRNA-
301a-3p (miR-301a-3p)—that suppresses phosphatase and tensin homolog (PTEN) and ac-
tivates PI3K-y (PI3Ky), augmenting immunosuppression and programmed death-ligand-
1 (PD-L1) expression on macrophages [10,11].

Across three high-burden settings, the same template recurs: (1) in expanding white
adipose tissue (WAT), regional hypoxia recruits C-C chemokine receptor 2 (CCR2*) mon-
ocytes and skews adipose-tissue macrophages toward M1-like programs that sustain low-
grade inflammation and blunt the physiological M1-to-M2 transition during wound re-
pair [4,12]; (2) in atherosclerotic plaques, lipid-core hypoxia stabilizes HIF-1a, augments
glycolysis and matrix metalloproteinase-2/-9 (MMP-2/-9) release, and concurrently re-
duces ATP-binding cassette transporter A1 (ABCA1)-mediated cholesterol efflux, weak-
ening the fibrous cap [13]; and (3) in tumors, poorly vascularized niches accumulate lac-
tate, succinate, and exosomal microRNAs that polarize tumor-associated macrophages
(TAMs) toward immunoregulatory states [6-11].

Translational entry points highlighted in this review include selective HIF-2a inhibi-
tion (e.g., belzutifan) [14], PI3Ky blockade [15], targeting SUCNRT1 signaling [7], and exo-
some-based microRNA modulation [11]. As a practical example, we reference a biomarker
panel—including HIF-1a, VEGF-A, and MMP-9—that links hypoxia burden with macro-
phage phenotype and therapeutic response [16]. This systems-level perspective—treating
oxidative stress, inflammation, and extracellular matrix (ECM) remodeling as convergent
hubs—aligns with the hypoxia—HIF framework and supports operational use of compact
biomarker panels in chronic disorders [17,18].

2. Search Strategy and Selection Criteria

We conducted a focused, narrative literature review to integrate hypoxia—HIF signal-
ing with lactate/succinate oncometabolites and hypoxia-regulated exosomes as cross-dis-
ease macrophage drivers in T2D/obesity, atherosclerosis, and cancer. Sources included
PubMed/MEDLINE, Scopus, Web of Science, and Google Scholar. For translational levers,
we also screened ClinicalTrials.gov and major oncology meeting abstracts, but only when
a corresponding peer-reviewed article already existed. The date window spanned January
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2003 to December 2025, with the last comprehensive update on December 28, 2025; lan-
guage was restricted to English. We targeted mechanistic and translational evidence, in-
cluding primary experimental studies (in vitro/in vivo), clinical studies (observational and
interventional), and high-quality reviews. We excluded case reports without mechanistic
content, conference abstracts without accompanying full articles, and non-peer-reviewed
preprints unless the findings were subsequently published in a peer-reviewed journal.

Searches combined free text, synonyms, truncations, and MeSH/EMTREE where
available, using Boolean logic to ensure sensitivity and specificity. Core constructs were
hypoxia, HIF-1a/HIF-2a, macrophage polarization, and immunometabolism (glycolysis
vs FAO/OXPHOS), oncometabolites lactate and succinate/SUCNR1, exosomes and
miRNA cargo (e.g., miR-301a-3p), PD-L1, and translational levers (HIF-2a inhibitors such
as belzutifan, PI3Ky inhibitors such as eganelisib, SUCNR1 antagonism, exosome-based
modulation), plus biomarkers (HIF-1a, VEGF-A, MMP-9) and hypoxia imaging (e.g.,
[*18F]EMISO PET). Illustrative search strings (adapted to database syntax) were con-
structed as follows: (“hypoxia” OR “HIF-1a” OR “HIF-2a”) AND (“macrophage*”’) AND
(“polarization” OR “immunometabolism” OR “glycolysis” OR “FAO” OR “OXPHOQOS”);
(“lactate” OR “succinate” OR “SUCNR1”) AND (“tumor-associated macrophage” OR
“TAM” OR “atherosclerosis” OR “wound”); (“exosome” AND “miRNA” AND (“macro-
phage” OR “TAM”) AND (“PTEN” OR “PI3Ky” OR “PD-L1")); (“belzutifan” OR “HIF-
20 inhibitor”) AND (“macrophage” OR “TAM”); ([*"18F]FMISO OR “hypoxia imaging”)
AND (“plaque” OR “tumor”).

Records were de-duplicated and screened at the title/abstract level for relevance to
the hypoxia—oncometabolite-exosome triad and macrophage outcomes; full texts were as-
sessed for data richness (pathway mapping, macrophage phenotype readouts, biomarker
values, therapeutic lever details). We prioritized studies that reported clear macrophage
functional outputs (e.g.,, M1/M2 continuum features, efferocytosis, cytokine programs,
matrix remodeling) and that connected these outputs to hypoxia or metabolite/exosome
signals. For translational content, we required explicit mechanistic alignment to myeloid
targets (HIF-2a, PI3Ky, SUCNR1) or exosomal miRNA axes. Data extracted included dis-
ease context and stage, tissue oxygenation cues, dominant macrophage programs and
metabolic wiring, relevant biomarkers (HIF-la, VEGF-A, MMP-9 with any reported
thresholds), and therapeutic/interventional details with outcome signals; where possible,
we noted imaging correlates (e.g., FMISO PET) and assay modalities to inform clinical
applicability.

This review is narrative rather than systematic; we did not register a protocol and
did not perform a quantitative meta-analysis. Selection bias is possible, particularly to-
ward well-characterized axes in oncology and atherosclerosis; heterogeneity of models
and assays limits formal pooling. To mitigate this, we triangulated across multiple data-
bases, favored mechanistically explicit studies and convergent findings across diseases,
and anchored recommendations to biomarkers and imaging readouts that can be opera-
tionalized in clinical settings.

3. Study Aim

To integrate the hypoxia—HIF signaling axis with lactate/succinate oncometabolites
and hypoxia-regulated exosomal microRNAs (e.g., miR-301a-3p) as a unifying macro-
phage-centered framework across T2D, atherosclerosis, and cancer [1,4-7,10], and to iden-
tify translational entry points (HIF-2a inhibition, PI3Ky blockade, SUCNRI targeting, ex-
osome-based modulation) [7,8,10,11,14,15] together with a parsimonious biomarker
readout (HIF-1a, vascular endothelial growth factor A (VEGF-A), MMP-9) for risk strati-
fication and response monitoring [16].
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4. Hypoxia-HIF Axis

Hypoxia is insufficient tissue oxygen that stabilizes hypoxia-inducible factors (HIFs).
In normoxia, prolyl hydroxylase domain (PHD) enzymes hydroxylate HIF-a, enabling
von Hippel-Lindau (VHL)-mediated proteasomal degradation; under hypoxia, HIF-a es-
capes degradation, dimerizes with hypoxia-inducible factor 1 beta (HIF-1f3) (aryl hydro-
carbon receptor nuclear translocator (ARNT)), binds hypoxia-response elements (HREs),
and reprograms metabolism and inflammation [1,19]. HIF-1a dominates early/acute hy-
poxia and drives glycolysis and inflammatory effectors (e.g., inducible nitric oxide syn-
thase (iNOS)/nitric oxide (NO)), whereas HIF-2a sustains chronic adaptations (angiogen-
esis, survival)—the temporal HIF isoform switch [1-3]. In macrophages, this switch ena-
bles a continuum of states beyond M1/M2 by tilting metabolism toward glycolysis (M1-
like) versus fatty acid oxidation (FAO)/oxidative phosphorylation (OXPHOS) (M2-like)
[4,5]. In poorly perfused niches, hypoxia couples with transversal cues—oncometabolites
lactate and succinate (via SUCNR1) and hypoxia-regulated exosomes (e.g., miR-301a-3p
acting through PI3Ky)—to amplify HIF programs and shape outcomes across T2D/obesity,
atherosclerosis, and cancer (see Figure 1) [6-11].
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Figure 1. Temporal regulation of HIF-1a and HIF-2a signaling under hypoxic conditions. Under
normoxic conditions, prolyl hydroxylase domain (PHD) enzymes promote hydroxylation and pro-
teasomal degradation of HIF-a subunits. Acute hypoxia inhibits PHD activity, leading to rapid sta-
bilization of HIF-1a and the formation of transcriptionally active HIF complexes that drive meta-
bolic and angiogenic responses. During prolonged hypoxia, HIF-1a levels decline, whereas HIF-2a
remains stabilized and predominates in regulating transcriptional programs associated with chronic
hypoxia adaptation. This temporal shift illustrates the HIF isoform switch in response to varying
durations of hypoxia. Arrows indicate the direction of regulatory events within the hypoxia re-
sponse pathway: downward arrows denote reduced oxy-gen availability or inhibitory steps, up-
ward arrows reflect increased expression or activation, and horizontal arrows represent the tem-

poral progression from acute to chronic hypoxia.
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5. Transversal Cues Beyond Oxygen: Oncometabolites and Hypoxic
Exosomes

Poor perfusion frequently coincides with the accumulation of lactate and succinate,
as well as the release of hypoxia-regulated exosomes, forming an oxygen-independent
triad that amplifies HIF-driven macrophage programming across T2D/obesity, atheroscle-
rosis, and cancer [6,7,10]. Lactate stabilizes HIF-1«, engages PKA/CREB signaling, and
induces VEGF-A and PD-L1 on macrophages, thereby coupling metabolic acidosis with
angiogenesis and immune checkpoint up-regulation [6,20]. Succinate acts intracellularly
by inhibiting PHDs to stabilize HIF-1a and extracellularly via SUCNR1, where G-protein
(Gq) signaling reinforces M2-like transcriptional programs, chemotaxis, and motility [7-
9]. In parallel, hypoxic exosomes enrich the miRNA cargo—exemplified by miR-301a-
3p—which suppresses PTEN and activates PI3Ky, thereby consolidating immunosup-
pression and TAM-like polarization [10,11]. These oxygen-independent amplifiers recur
across T2D/obesity (hypoxic white adipose tissue, or WAT), atherosclerosis (lipid-core hy-
poxia), and cancer (poorly perfused niches), providing a unifying layer that magnifies the
HIF-driven reprogramming outlined in the Introduction.

6. Type 2 Diabetes and Obesity: The Hypoxia—-HIF-Macrophage Axis

6.1. Global Burden of Type 2 Diabetes (2024-2050) — Clinical Rationale for the Hypoxia—HIF—
Macrophage Axis

In 2024, ~589 million adults (20-79 years) had diabetes, ~81% of cases occurred in
low- and middle-income countries, and ~3.4 million deaths were attributed to diabetes in
2024; global diabetes-related health expenditure exceeded USD 1.0 trillion (~12% of health
spending) [21-23]. These magnitudes—especially underdiagnosis and the LMIC concen-
tration —justify a mechanistic focus on oxygen debt and macrophage programming: re-
gional hypoxia in expanding adipose tissue and in chronic wounds stabilizes HIF-1a/HIF-
2a [1-3,24-27] and, together with lactate [6], succinate/SUCNRI [7,8] and hypoxia-regu-
lated exosomes [10,11], locks inflammatory macrophage states that worsen insulin re-
sistance, impair wound repair and amplify downstream complications; see Table 1 for a
concise cross-condition map of hypoxia-induced pathways, immunometabolism, and
macrophage polarization.

Table 1. Hypoxia-induced pathways and macrophage polarization—concise cross-condition map.

. Macrophage
o Key Hypoxic Pathways Molecular and ..
Pol Ref
Condition and Regulators Metabolic Effects olarization and eferences
Impact
Predominant M1
HIF-1« stabilization; Reduced ATP synthesis profile; in d.1abet1c
decreased HIF-1(3 and impaired GSIS: wounds, failure of the
Type 2 diabetes (ARNT) in islets; increasg d pro-in ﬂa;n normal transition from [1,24-27]
SGLT2-related pro MI-to-M2, leading to a
) matory cytokines . .
modulation chronic non-healing
trajectory
WAT hypox?a; ) Increased Leptin, IL-6 Enhanced monocyte
CCR2/MIF signaling; o . .
. and TNF-a; decreased infiltration with
Obesity MCP-1/MIP-1a - . . . . . [12,24]
. adiponectin; insuffi- differentiation into M1-
mediated monocyte . o . -
_ cient vascularization like ATMs, sustaining
recruitment
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systemic inflammation
and insulin resistance
M1 macrophages
accumulate at plaque
HIF-1a stabilizationin ~ Increased glycolysis shoulders; MMP-2/9-
Atherosclerosis 11p1'd cc?re; NF-kB/ROS (GLUT1/HK/PEK); driven ECM (5,13,19]
activation; reduced reduced cholesterol degradation weakens
ABCA1 efflux the fibrous cap and
increases plaque
vulnerability
TAMs polarize toward
HIF-1a/HIF-2x activa- . M2/M2d-like
tion; lactate-PKA-CREB Warburg metabolic immunoregulator
sio n/alin ; Succinate shift; increased VEGE, states (aon ;go en(i)cy
Cancer shatngs ARG1 and IL-10; ECM 5108 [6-11]

SUCNRLI signaling;
hypoxic exosomal
miR-301a-3p

digestion via MMP-9,
cathepsins

VEGF-high), promoting
angiogenesis, immune
evasion, and metastatic

progression.

Abbreviations: ABCA1— ATP-binding cassette transporter Al; ARG1—arginase-1; ARNT —aryl hy-
drocarbon receptor nuclear translocator (HIF-1p); ATP —adenosine triphosphate; CREB—cAMP re-
sponse element-binding protein; ECM—extracellular matrix; GLUT1—glucose transporter 1;
GSIS—glucose-stimulated insulin secretion; HIF-1a—hypoxia-inducible factor 1 alpha; HIF-13—
hypoxia-inducible factor 1 beta; HIF-2a —hypoxia-inducible factor 2 alpha; HK—hexokinase; IL-6—
interleukin-6; IL-10—interleukin-10; M2d —angiogenic/immunoregulatory TAM-like subtype of
macrophages; MCP-1—monocyte chemoattractant protein-1; MIF —macrophage migration inhibitory
factor; MIP-la—macrophage inflammatory protein-1 alpha; MMP-2—matrix metalloproteinase-2;
MMP-9 —matrix metalloproteinase-9; NF-kB—nuclear factor kappa-light-chain-enhancer of activated
B cells; PFK—phosphofructokinase-1; PKA—protein kinase A; ROS—reactive oxygen species;
SGLT2—sodium—glucose cotransporter-2; SUCNR1—succinate receptor 1; TAM—tumor-associated
macrophage; TNF-a—tumor necrosis factor alpha; VEGF —vascular endothelial growth factor.

In the following Sections 6.2-6.8 [26,27], we map how adipose and wound hypoxia
translate into macrophage immunometabolism and clinical trajectories in T2D.

6.2. Adipose Tissue Hypoxia and the HIF Switch in T2D

Excessive expansion of white adipose tissue (WAT) creates a mismatch between tis-
sue growth and vascularization, leading to regional hypoxia. This oxygen deficit initiates
a temporal switch in HIF isoforms, with HIF-1a dominating during early, acute hypoxia
and HIF-2a supporting chronic adaptive responses [1-3,24]. Under these conditions, hy-
poxia reprograms adipocyte metabolism and alters adipokine secretion, raising leptin, IL-
6, and TNF-a while reducing adiponectin, and directly impairs insulin signaling in fat
cells. These changes collectively contribute to systemic metabolic dysfunction and the de-
velopment of T2D [24,25].

Within this hypoxic niche, CCR2* monocyte recruitment and the expansion of adi-
pose-tissue macrophages (ATMs) sustain low-grade inflammation along a continuum that
extends beyond the M1/M2 stereotype; HIF-la—driven immunometabolic wiring tilts
macrophages toward glycolysis-biased inflammatory states [4,12,28-30]. The same hy-
poxia-centered logic links adipose inflammation to impaired wound-repair trajectories in
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diabetes, in which persistent HIF-1a activity contributes to a failure of the M1-to-M2 tran-
sition [26,27].

6.2.1. Hypoxia in Obesity

Obesity is a major risk factor for T2D and related complications. The expansion of
white adipose tissue (WAT) creates a poorly perfused, low-oxygen microenvironment
that promotes adipocyte dysfunction and chronic, low-grade inflammation [24]. Vascular
adaptation is insufficient compared with adipocyte hypertrophy, resulting in persistent
regional hypoxia, which, in turn, feeds forward into dysregulated adipokine secretion and
insulin resistance [24]. Human data confirm adipokine-lipid/glucose coupling in obesity
(chemerin-triglycerides (TG), OGTT 120’; adipolin—-LDL-C), reinforcing WAT dysfunction
as a systemic driver [28].

6.2.2. Influence of Hypoxia on Macrophages in Adipose Tissue

The proportion of adipose-tissue macrophages (ATMs) increases markedly in obesity,
rising from less than 10% of stromal vascular cells in lean adipose tissue to approximately
50% in obese depots [29]. Chemotactic cues released by preadipocytes and adipocytes—
including MIF—and by hypoxic WAT (MCP-1/CCL2, MIP-1a/CCL3) drive the recruit-
ment of circulating monocytes [30,31]. Recruited CCR2* monocytes preferentially differ-
entiate toward pro-inflammatory M1-like macrophages, shifting the balance away from
M2-like states observed in lean adipose tissue; genetic disruption of CCR2 limits this in-
flux and preserves a more reparative phenotype [12]. Importantly, single-phenotype la-
bels are simplistic— ATMs exist along a phenotypic continuum —but hypoxia consistently
biases these cells toward inflammatory programs [31]. Functionally, increased secretion
of TNF-a and other cytokines by ATMs exacerbates insulin resistance at both the tissue
and systemic levels [29].

6.3. Oncometabolites in Diabetic Adipose Tissue: Succinate and Lactate as Paracrine Macrophage
Cues

Succinate accumulates in hypoxic or hyperglycemic adipose tissue and signals via
SUCNRI1 on macrophages to modulate chemotaxis and polarization, with context-de-
pendent outputs reflecting state-specific receptor wiring [32-34]. Lactate acts as a bona
fide paracrine metabolite: perturbed lactate handling in adipocytes can trigger apoptosis
and cytokine release, recruit macrophages, and thereby promote systemic insulin re-
sistance, mirroring the same HIF-centered template observed in atherosclerosis and can-
cer [35-37].

6.4. Pancreatic Islets: ARNT/HIF-1B, HIF-1a, and First-Phase GSIS

In people with T2D, ARNT/HIF-1 mRNA is reduced in pancreatic islets, and exper-
imental HIF-1a deficiency in -cells blunts the first-phase GSIS by limiting glycolytic ATP
and impairing stimulus—secretion coupling —the ~10 min early insulin burst that stabilizes
post-prandial glycemia [38,39].

Low HIF-1a activity reduces glycolytic flux and aggravates glycemic control [40].
Hypoxia—inflammation crosstalk within the islet milieu contributes to the development of
chronic complications [41,42]. In adipose tissue, hypoxia alters adipokine profiles—sup-
pressing insulin-sensitizing signals while upregulating pro-inflammatory mediators—
and attenuates insulin-receptor signaling, thereby undermining systemic glycemic control
[43,44]. Within islets and adipose depots, obesity-associated inflammation recruits circu-
lating monocytes, expands crown-like structures, and biases macrophages toward an M1-
like phenotype [45,46]. Endocrine dysfunction is amplified by impaired first-phase GSIS
and intermittent-hypoxia/HIF-1-dependent NADPH oxidase 4 (NOX4)/H:0: signaling,
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which blunts stimulus—secretion coupling and worsens post-prandial glycemia [47,48]. As
insulin sensitivity deteriorates, IL-13 and TNF-a levels rise, thereby consolidating the in-
flammatory loop across the islet and adipose microenvironments [49].

HIF-1a is the central regulator of these changes: in adipocytes, it drives hypoxia-de-
pendent insulin resistance, while in [3-cells it integrates oxygen shortage with the remod-
eling of glycolysis, ATP generation, and redox-dependent stimulus—secretion coupling
[40,43,48]. In parallel, endocrine dysfunction is amplified by impaired first-phase GSIS
and by intermittent hypoxia/HIF-1-dependent NOX4/H20O2 signaling, which blunts stim-
ulus-secretion coupling and worsens postprandial glycemia [47,48]. Together, these islet—
adipose interactions consolidate a feed-forward loop of metabolic inflammation that ac-
celerates cardiometabolic and microvascular risk [45—49].

In summary, Figure 2 synthesizes this HIF-1a—centered framework, illustrating how
hypoxia in pancreatic (3-cells increases HIF-1a levels, impairs first-phase GSIS, and drives
hyperglycemia. The resulting metabolic and inflammatory stress—characterized by ele-
vated levels of advanced glycation end products (AGEs), reactive oxygen species (ROS),
and cytokine tone—contributes to functional HIF-1a exhaustion in macrophages, thereby
promoting sustained M1 polarization. Together, (3-cell dysfunction and macrophage-
driven inflammation reinforce dysglycemia and accelerate microvascular complications.
Clinically, this supports strategies that normalize HIF-1a signaling and 3-cell redox cou-
pling (e.g., modulation of HIF-1a/NOX4 pathways), reduce systemic and adipose tissue
hypoxia (weight loss, treatment of sleep-disordered breathing), and dampen islet/adipose
inflammation (e.g., IL-1P blockade or macrophage-targeted approaches) to improve met-
abolic control and protect against microvascular disease [40,43,44,47-49].

Pathway Consequences

c A\ 3
b MIF-1a Hyperglycemia, chronic
EPM2| in B-cells inflammation, AGEs, and ROS

vinsulin

secretion VHIF-1a
in macrophages
(functional HIF exhaustion)

a l ) Tissue damage,
™M1 ¢ ,(é Neuropathy,
oo Retinopathy

Figure 2. Pancreatic B-cell hypoxia impairs first-phase GSIS via HIF-1a-driven metabolic repro-
gramming and contributes to systemic inflammatory complications. Hypoxia in pancreatic -cells
stabilizes HIF-1a, rewiring glycolysis and diminishing ATP-dependent stimulus-secretion coupling,
which leads to impaired first-phase glucose-stimulated insulin secretion (GSIS) and reduced insulin
output. The resulting hyperglycemia exacerbates oxidative and inflammatory stress, promoting the
accumulation of advanced glycation end products (AGEs), reactive oxygen species (ROS), and pro-
inflammatory cytokines. These systemic cues contribute to functional HIF-1a exhaustion in macro-
phages, lowering HIF-1a activity and skewing macrophages toward a persistent M1-dominant phe-
notype. M1 polarization drives tissue-damaging inflammatory programs that underlie microvascu-
lar diabetic complications, including neuropathy and retinopathy. Parts of the figure were created
using images provided by Servier Medical Art (https://smart.servier.com), licensed under CC BY 4.
(https://creativecommons.org/licenses/by/4.0/) (Accessed 19 February 2026).
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Normoxia: glucose uptake activates glycolysis and OXPHOS, generating an ATP rise
that closes ATP-sensitive K+ (KATP) channels, triggers Ca?" influx, and drives prompt
first-phase insulin release.

Hypoxia/HIF-1a activation: inhibition of pyruvate dehydrogenase (PDH), reduced
mitochondrial flux, and ATP shortfall blunt stimulus—secretion coupling and impair first-
phase GSIS. The resulting hyperglycemia amplifies oxidative and inflammatory processes
(AGEs, ROS), contributing to islet inflammation and increasing the risk of microvascular
complications such as neuropathy and retinopathy [38,39,43,48].

6.5. Diabetic Wound Healing: Macrophage Phenotype Dysregulation Under
Hypoxia/Inflammation

Chronic diabetic wounds exhibit persistent M1-like dominance with failure of the
normal M1-to-M2 transition required for resolution and repair; hyperglycemia, AGEs,
TLR tone, and regional hypoxia sustain HIF-1a and glycolytic programs, locking wounds
in non-healing trajectories [50-52]. In contrast to normal closure—where efferocytosis, in-
terleukin-10 (IL-10) and FAO/OXPHOS-driven M2 functions restore tissue integrity —di-
abetic ulcers show M1-driven cytokine release, matrix damage, delayed epithelialization
and poor angiogenesis, consistent with impaired macrophage phenotype switching across
later healing phases [53-55].

Clinically, correcting the macrophage M1-to-M2 imbalance improves healing out-
comes in diabetic foot ulcers. In a multicenter, evaluator-blinded phase 3 trial, topical
ON101 significantly increased complete healing compared with standard dressings [56].

In routine healing, transient hypoxia stabilizes HIF-1a, wiring macrophages for early
microbicidal functions (glycolysis, ROS/nitric oxide (NO)) and then resolves toward re-
parative M2-like programs supported by FAO/OXPHOS [4,52]. In turn, in diabetes, per-
sistent hypoxia and inflammatory tone (advanced glycation end-products, AGEs; Toll-like
receptors, TLRs) sustain HIF-1a, hinder efferocytosis, and lock wounds in an M1-domi-
nant state that damages ECM and stalls granulation [26,27]. Poor perfusion and hypergly-
cemia favor the accumulation of lactate and succinate in chronic wounds. Lactate ampli-
fies HIF-1a signaling through the protein kinase A-cAMP response element-binding pro-
tein (PKA—-CREB) pathway. In contrast, succinate activates SUCNR1 on macrophages, re-
inforcing chemotaxis and polarization toward non-resolving inflammation [6-8,35]. These
paracrine loops help explain the persistent M1 dominance and impaired angiogenesis in
diabetic ulcers [26,27,52]. Hypoxic tissues increase exosome biogenesis and loading of im-
munomodulatory miRNAs. In tumors, miR-301a-3p suppresses PTEN and activates
PI3Ky in macrophages, promoting immunosuppression [10,11]. We list this axis as a
mechanistic hypothesis for chronic diabetic wounds that share hypoxic and inflammatory
features [52]. This framework explains the entries in Table 2 across the phases (inflamma-
tion, proliferation, and remodeling) and motivates therapeutic levers that reduce oxygen
debt, rebalance immunometabolism, and protect matrix integrity [52,56]. Reducing
wound hypoxia further supports macrophage M1-to-M2 switching and granulation: sus-
tained oxygenation devices accelerate epithelialization/angiogenesis and dampen cyto-
kine tone [57]. Mechanistically, the selective inhibition of MMP-9 preserves ECM archi-
tecture and facilitates effector T-cell trafficking, offering a tractable adjunct to curb non-
resolving inflammation in chronic diabetic ulcers [58].

Moreover, SGLT2 inhibitors improve endothelial function and NO bioavailability,
providing microvascular relief [59,60]. In addition, GLP-1 signaling favorably modulates
lipid handling (e.g., ABCA1/SR-B1 and cholesterol efflux), which can indirectly rebalance
macrophage programs in metabolically inflamed tissues [61]. Beyond glucose-lowering,
GLP-1 receptor agonists exert central and peripheral anti-inflammatory actions that
dampen TLR-driven responses and improve cardiometabolic risk, providing a
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mechanistic rationale for their inclusion as de-inflammation levers in chronic wounds

[62,63]. In parallel, SGLT2 inhibitors attenuate macrophage-mediated inflammation (in-

flammasome and TLR4/NF-«B activity; M1-to-M2 rebias), complementing the microvas-

cular benefits and supporting their phase-specific use in diabetic wound care [64].

Accordingly, Table 2 maps oxygen/HIF cues, macrophage states, and immunometa-

bolic wiring across phases and links them to actionable levers—oxygenation [57], anti-
MMP-9 [58], SGLT2 inhibitors [59,60], and GLP-1 receptor agonists (de-inflammation and
lipid handling via ABCA1/SR-B1) [61-63] —to guide phase-specific intervention.

Table 2. Macrophage dynamics in diabetic wound healing: hypoxia—HIF-metabolic reprogramming

across phases (normal vs diabetic).

Wound- Local Dominant . . Principal . . Potential
] Key Signals Metabolic Clinical .
Healing Oxygen/HIF Macrophage Effector Therapeutic References
(Examples) Program . Outcome
Phase Status Phenotype Functions Levers
Transient DAMPs/TL Proeres- Timel
hypoxia; early M1-like Rsignals, Increased Pathogen o8 -
Inflamma- . sionto debride-
ton HIF-1a (early, IFN-vy; Glycolysis clearance; rolifera-ment: [4,52]
(normal) activation that microbi-  controlled (HIF-la-  debris re- Five o fec’;ion ’
subsequently re- cidal) ROS/NO  dependent) moval
. phase  control
solves synthesis
e
Persistent M1-domi- succinate- High pro- Chronic SGLT2
. SUCNR1 Increased non- e
Inflamma- hypoxia, AGEs nance sionalin Iveolvsis: inflammatory healin inhibitors  [6-
tion sustained, TLR (failure to & &  BYCOlyss cytokines; . & (microvas- 8,26,27,35,57
. . o lactate- decreased inflam-
(diabetic)  tone; prolonged initiate ) cular, ,59,60,64]
HIF-1a activity resolution) PRA- efferocytosis damage matory anti-inflam
el CREB-HIF- 8 state
la pathwa matory
P Y action)
Re-oxygenation Angiogenesis, Supportive
’ IL-4, IL-13, .
Proliferation established; M2-like L-10: Increased  collagen Timely wound care;
balanced HIF-2a . L FAO/OXPH deposition, wound optimiza- [4,52]
(normal) . (reparative) efficient .
and pro-angio- . and closure tion of
S efferocytosis . .
genic signals granulation perfusion
Upregula-
tion of PD- GLP-1 RAs
L1 on TAM- (anti-
Hypoxia like macro- Qcholysis— Impaired inflamma-
ersists; M1 > M2 phages; exo-biased angiogenesis; fory and;
Proliferation T . . somal miR- metabolism; 8108 " Delayed lipid han-  [10,20,32,61
. . lactate/succinate (switch fail- . . stalled granu- : .
(diabetic) aracrine loops ure) 301a-3p insufficient lation tissue healing dling —63]
femain activep suppressing FAO/OXPH formation effects)
PTEN and OS targeting
enhancing SUCNRI1 or
PI3Ky PI3Ky
signaling
E
Pr rand ling; Normal
Remodeling Normoxia M2-like o FAO/OXPH |« nocCiE gar Standard
L. resolving buildup of [4,52]
(normal) restored maintained . ) matura- care
mediators tensile .
tion
strength
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Remodeling

(diabetic)

Persistent
micro-foci of
hypoxia

Increased .

s i
M1 elevated ilZfﬁc?ent, ECM Recur- or fug !
persistence; ROS; . breakdown; rent ul- P [26,57,58]

o mitochon- . i . sion/oxy-

M2 deficit unresolved | . tissue fragilityceration .

. drial genation

inflamma- i

. function support

tion

Abbreviations: AGEs—advanced glycation end-products; Ca?*—calcium ion; DAMPs—damage-as-
sociated molecular patterns; ECM —extracellular matrix; FAO—fatty-acid oxidation; HIF-1a—hy-
poxia-inducible factor-1 alpha; HIF-2a—hypoxia-inducible factor-2 alpha; IL-4—interleukin-4; IL-
10—interleukin-10; IL-13 —interleukin-13; MMP-9 —matrix metalloproteinase-9; NO —nitric oxide;
OXPHOS —oxidative phosphorylation; PD-L1 —programmed death-ligand 1; PKA-CREB—protein
kinase A/cAMP response element-binding protein pathway; PTEN — phosphatase and tensin hom-
olog; ROS—reactive oxygen species; SGLT2 —sodium—glucose cotransporter-2; SUCNR1 —succin-
ate receptor-1; TAM —tumor-associated macrophage; TLR —Toll-like receptor.

6.6. Intestinal Microbiota—Macrophage Axis in T2D

The intestinal microbiota modulates metabolic and immune pathways that shape
macrophage activation and insulin sensitivity in T2D [65,66]. Reduced abundance of ben-
eficial taxa (e.g., Bifidobacterium, Bacteroides, Faecalibacterium, Roseburia) and expansion of
pathobionts (e.g., Fusobacteria, Ruminococcus, Blautia) favor chronic low-grade inflamma-
tion, macrophage M1-skewing, and impaired glycemic control [65,67]. Mechanistically,
altered microbial metabolites (e.g.,, SCFAs vs. endotoxin) intersect with adipose hy-
poxia/HIF signaling, reinforcing pro-inflammatory macrophage programs and insulin re-
sistance [68-72]; conversely, pre/probiotics and glucose-lowering therapies that improve
the microenvironment (e.g., SGLT2 inhibitors) may secondarily de-inflate macrophage
tone [64,67,73-75].

6.7. Therapeutic Implications: Dampening Hypoxia Burden and Reprogramming Macrophage
Signals

GLP-1 receptor agonists not only improve glycemia and weight but also exert anti-
inflammatory actions and favor cholesterol handling in metabolic tissues ( ABCA1/SR-
B1) via direct macrophage signaling and a neuro-immune axis, thereby de-inflaming T2D
microenvironments [61-63].

SGLT?2 inhibitors improve endothelial function (e.g., FMD), enhance NO bioavaila-
bility, and attenuate ROS/inflammation, mechanisms that reduce microvascular hypoxia
and secondarily dampen the HIF-macrophage drive [59,60]. Targeting succinate—
SUCNRI and exosome-PI3Ky nodes provides tractable entry points to limit metabolite-
driven macrophage dysregulation in T2D and to counter myeloid-mediated resistance in
hypoxic tumors [10,15,32].

Endothelial support and oxygenation devices reduce hypoxia burden, facilitating the
M1-to-M2 transition [57]. SGLT2 inhibitors improve microvascular function and lower in-
flammatory/oxidative tone [59,60], while GLP-1 receptor agonists exert central and pe-
ripheral anti-inflammatory effects and can favor cholesterol handling (ABCA1/SR-B1)
[61-63], thereby de-inflaming the wound microenvironment. In matrix-fragile ulcers, anti-
MMP-9 strategies are a rational adjunct to protect the ECM while optimizing perfusion
[58]. These interventions align with the phase-specific entries listed in Table 2.
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6.8. Synthesis and Biomarker Readout

Across T2D, atherosclerosis, and cancer, hypoxia-linked metabolites—lactate and
succinate—and hypoxic exosomes rewire immunometabolism and program macrophages
along disease-relevant continua that govern tissue remodeling, inflammation, and im-
munity [4,76,77]. A pragmatic biomarker triad (HIF-1a, VEGF-A, MMP-9) links hypoxia
burden to macrophage state and correlates with plaque vulnerability and tumor aggres-
siveness [16,58,78]. Hypoxia stabilizes HIF-1a/HIF-2ax [79]. The triad also provides an op-
erational bridge to therapy selection and response monitoring, including post-stroke re-
covery [80]. Systems modeling prioritizes oxidative/PKC modules as upstream drivers,
consistent with this biomarker triad [81].

7. Atherosclerosis —Hypoxia-HIF-Macrophage Axis

Atherosclerosis is a chronic inflammatory and oxidative stress condition driven by
abnormal lipid metabolism and immunologic reactions to self-components in the arterial
wall [19]. It underlies ischemic heart disease and stroke, leading to global causes of mor-
tality; risks include LDL cholesterol, hypertension, diabetes, smoking, age, male sex, and
family history [19].

7.1. Global Burden of Atherosclerosis— Clinical Rationale for Hypoxia—Macrophage Axis

Atherosclerosis underlies ischemic heart disease and stroke, which together account
for approximately 19.8 million deaths annually, representing nearly 32% of all global
deaths [82]. Cardiovascular disease prevalence reached ~612 million cases worldwide,
with ~254 million individuals affected by ischemic heart disease and ~94 million by stroke
[83]. Coronary artery disease alone impacts over 200 million people, and peripheral artery
disease affects more than 230 million adults globally. Despite advances in lipid-lowering
therapy, residual risk remains high, particularly in patients with diabetes, obesity, and
chronic kidney disease. These magnitudes justify a mechanistic focus on hypoxia-driven
macrophage programming and plaque vulnerability as targets for precision intervention.

Carotid intima—-media thickness (IMT) serves as a non-invasive marker of burden;
importantly, statin therapy slows IMT progression, with the greatest benefit when initi-
ated during phases of accelerated plaque growth [84].

7.2. Pathomechanism of Atherosclerotic Plaque Formation

Subendothelial LDL retention (binding to proteoglycans), oxidative modification to
Ox-LDL, and monocyte recruitment initiate a cascade leading to foam cells, cytokine re-
lease, further LDL oxidation, SMC proliferation, and collagen deposition [13,85]. ROS am-
plify cell death and cap fragility; platelet activation exacerbates endothelial dysfunction
and NO deficiency, perpetuating disease progression [19].

7.3. Macrophage Polarization

Macrophage activation states are closely linked to their underlying metabolic pro-
grams. Pro-inflammatory M1 macrophages adopt a glycolytic phenotype driven by hy-
poxia-inducible factor-1a (HIF-1c), whereas alternatively activated M2 macrophages rely
on fatty-acid oxidation (FAO) and mitochondrial oxidative phosphorylation (OXPHOS)
induced by interleukin-4/interleukin-13 (IL-4/IL-13)-STAT6 signaling. These divergent bi-
oenergetic states support the distinct effector functions of M1 and M2 cells. The principal
metabolic pathways governing this polarization are summarized in Figure 3.
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Figure 3. Divergent Mitochondrial and Metabolic Pathways Underlying M1 and M2 Phenotypes.
M1 macrophages (pro-inflammatory) undergo a metabolic shift toward aerobic glycolysis, driven
by hypoxia-inducible factor-la (HIF-1a) stabilization and upregulation of 6-phosphofructo-2-ki-
nase/fructose-2,6-bisphosphatase 3 (PFKFB3). This process limits mitochondrial tricarboxylic acid
(TCA) cycle activity, increases lactate production, and elevates reactive oxygen species (ROS),
thereby activating nuclear factor-xB (NF-kB) and promoting pro-inflammatory gene expression. In
contrast, M2 macrophages (anti-inflammatory) rely on fatty-acid oxidation (FAO) and oxidative
phosphorylation (OXPHOS). Stimulation by interleukin-4/interleukin-13 (IL-4/IL-13) activates the
signal transducer and activator of transcription 6 (STAT6) pathway, enhancing carnitine palmito-
yltransferase 1 (CPT1)-dependent mitochondrial respiration and peroxisome proliferator-activated
receptor-y (PPARYy) activity. This efficient bioenergetic state supports long-term reparative func-

tions, including tissue remodeling and efferocytosis.

7.4. Impact of Hypoxia on Macrophage Polarization in Plague
7.4.1. Metabolic Layer: Glycolysis—-FAO/OXPHOS Dichotomy in Plaque Macrophages

Key mechanisms by which hypoxia shapes macrophage behavior in atherosclerotic
lesions are summarized in the subsections below. A hypoxia-driven immunometabolic
overview of atherosclerotic plaque macrophages is shown in Figure 4.
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Figure 4. Hypoxia-driven M1 macrophage programming and normoxia-supported M2 functions
in atherosclerosis. Hypoxia in lipid-rich, poorly perfused regions of the atherosclerotic plaque sta-
bilizes hypoxia-inducible factor-la (HIF-1a), inducing a glycolytic metabolic shift via 6-phos-
phofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) and enhancing glycolysis. This pro-
motes polarization toward M1 macrophages, which activate nuclear factor-xB (NF-«kB), generate
reactive oxygen species (ROS), and produce pro-inflammatory cytokines such as interleukin-1f3 (IL-
1B) and tumor necrosis factor-a (TNF-a). These mediators upregulate matrix metalloproteinases-2
and -9 (MMP-2/9), driving extracellular matrix (ECM) degradation, thinning of the fibrous cap, and
plaque instability. In contrast, better-oxygenated plaque regions support M2 macrophages, whose
polarization is reinforced by interleukin-4 (IL-4) and interleukin-13 (IL-13). M2 cells rely on fatty-
acid oxidation (FAO) and oxidative phosphorylation (OXPHOS), exhibit efficient efferocytosis, and
enhance cholesterol efflux through ATP-binding cassette transporter A1 (ABCA1). These pro-resolv-
ing functions promote extracellular matrix repair and stabilize the fibrous cap. Parts of the figure
were created using images provided by Servier Medical Art (https://smart.servier.com), licensed
under CC BY 4. (https://creativecommons.org/licenses/by/4.0/) (Accessed 19 February 2026).

Macrophage bias in hypoxic plaque regions may be further reinforced by metabolite—
receptor signaling, notably succinate-SUCNR1, paralleling observations in tumors and
adipose tissue [34,76].

Hypoxia-driven metabolic rewiring creates a functional dichotomy between plaque
macrophages. M1 cells, enriched in glycolysis and NF-kB/ROS signaling, predominate at
vulnerable shoulders and secrete MMP-2 and MMP-9, weakening the fibrous cap and pro-
moting instability. Conversely, M2 macrophages rely on FAO/OXPHOS, support ef-
ferocytosis and collagen deposition, and localize to better-oxygenated regions, contrib-
uting to relative stability. This spatial and metabolic polarization underpins plaque vul-
nerability and clinical risk, reinforcing the rationale for therapeutic strategies that re-
balance macrophage programs [5,13,20].

The canonical cytokine and effector profiles of M1 and M2 macrophages are summa-
rized in Figure 5, which illustrates the shift from glycolysis-biased, pro-inflammatory M1
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programs (IL-12, TNF-a, ROS) toward FAO/OXPHOS-supported reparative M2 states
characterized by IL-10, Arg-1, VEGF, MMP-9, and efferocytosis.
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Figure 5. Classical macrophage polarization from M1 to M2 in response to pro-resolving signals.
The diagram illustrates the characteristic cytokine and effector profiles that define classically acti-
vated M1 macrophages and alternatively activated, reparative M2 macrophages. M1 macrophages
release pro-inflammatory mediators, including interleukin-12 (IL-12), tumor necrosis factor-a (TNF-
a), and reactive oxygen species (ROS), which sustain microbicidal and inflammatory programs. In
contrast, M2 macrophages secrete interleukin-10 (IL-10), arginase-1 (Arg-1), vascular endothelial
growth factor (VEGF), and matrix metalloproteinase-9 (MMP-9), and they engage in efferocytosis, sup-
porting tissue repair, angiogenic balance, and resolution of inflammation. The transition from M1- to
M2-like states is promoted by pro-resolving signals, which rebalance immunometabolism from gly-

colysis-biased inflammatory activity toward FAO/OXPHOS-supported reparative functions.

7.4.2. Epigenetic Layer: Histone Acetylation Under Hypoxia

Beyond metabolic fluxes, hypoxia and lactate establish an epigenetic layer in macro-
phages. In hypoxic, lactate-rich niches, histone lactylation emerges as a chromatin signal
that reinforces pro-angiogenic and immunoregulatory programs, including PD-L1 upreg-
ulation and M2/M2d-like features, as documented in TAMs. By analogy, similar lactate-
linked epigenetic cues are poised to operate in hypoxic microdomains of atherosclerotic
plaques [20,76]. Functionally, such lactate-epigenetic coupling may intensify matrix re-
modeling (e.g., MMP-2/-9) and cap weakening in regions with glycolysis-biased M1 sig-
natures, while stabilizing reparative outputs in better-oxygenated regions that sustain
FAO/OXPHOS-driven M2 functions [5,13]. This epigenetic add-on complements the HIF-
centric immunometabolic model, nominating lactate handling and chromatin modifiers
as adjunct translational levers in plaque biology [20,76].

7.5. Hypoxia Biomarkers and Imaging (Plaque Vulnerability)
7.5.1. Clinical Correlation and Risk Stratification

An integrated panel (HIF-1a, VEGF-A, MMP-9) links hypoxia burden to macrophage
state and clinical risk: MMP-9 elevation predicts obstructive coronary disease, while
VEGEF associations help refine stratification [16]. A combined analysis of protein/mRNA
(MMP-9, VEGF) also correlates with functional recovery in neurovascular settings [80].
Non-invasive hypoxia imaging with [*"18F][FMISO PET can localize hypoxic plaque re-
gions and align with immunometabolic activity [86]. Mechanistic and risk-trajectory in-
sights complement modeling of IMT thickening and macrophage dynamics in atheroscle-
rosis [81]. Operationally, integrating this panel with carotid IMT trajectories offers a prag-
matic bridge from biology to bedside risk stratification [84,85]. Given these hypoxia-
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driven macrophage dynamics, pairing [*18F]JFMISO PET (to localize hypoxic plaque
niches) with the HIF-1a/VEGF-A/MMP-9 panel may personalize treatment intensity and
plaque reprogramming monitoring [86].

7.5.2. Imaging-Guided Strategies: FMISO PET and Biomarker Integration

Hypoxia imaging using ~18F-fluoromisonidazole positron emission tomography
(FMISO PET) adds a spatial dimension to biomarker-based risk stratification [86]. This
technique enables non-invasive localization of hypoxic plaque niches that align with gly-
colysis-biased M1 macrophage programs and matrix-degrading activity [86]. Although
diagnostically valuable, FMISO PET faces practical limitations: the tracer demonstrates
slow uptake and clearance, requiring delayed imaging —typically 2 to 4 hours post-injec-
tion—to achieve reliable contrast between normoxic and hypoxic tissues. Its availability
is further constrained by the need for on-site cyclotron facilities and specialized distribu-
tion networks, while high synthesis and operational costs limit routine clinical adoption.
Clinically, FMISO PET supports precision mapping of hypoxia in tumors and atheroscle-
rotic plaques, informing radiotherapy planning and identifying vulnerable regions asso-
ciated with macrophage-driven inflammation and extracellular matrix remodeling [86].
Coupling this imaging modality with the biomarker triad (HIF-1a, VEGF-A, MMP-9) pro-
vides a dual readout of oxygen debt and macrophage state, enabling personalized therapy
intensity [17]. Conceptually, FMISO PET-positive segments combined with elevated
MMP-9 and VEGEF-A could nominate candidates for adjunct interventions beyond lipid
lowering—such as PI3Ky or SUCNR1 modulation and PPARy-driven FAO/OXPHOS
support—to stabilize vulnerable plaques [17]. This imaging-biomarker synergy also pro-
vides a platform for monitoring macrophage reprogramming and therapeutic response
longitudinally [81].

Beyond risk stratification, FMISO PET provides an opportunity to monitor therapeu-
tic response over time. Serial imaging can capture dynamic changes in hypoxic burden
following interventions such as HIF pathway inhibitors, PI3Ky blockade, or metabolic
modulators, offering a functional correlate to biomarker trends [86]. This longitudinal ap-
proach enables clinicians to assess whether targeted strategies effectively reduce oxygen
debt and rebalance macrophage programs, thereby supporting adaptive treatment deci-
sions. Integrating FMISO PET with the biomarker triad strengthens this monitoring
framework, creating a combined spatial and molecular readout that aligns with precision
medicine principles [17,81].

7.6. Translational Targets in Plaque

Translational strategies in plaque biology converge on mechanisms that reduce hy-
poxia burden and rebalance macrophage immunometabolism. Improving endothelial
function and nitric oxide bioavailability enhances perfusion and dampens microhypoxia,
thereby mitigating inflammatory drive [46]. Modulation of the HIF-1a pathway repre-
sents another critical lever, as it curbs glycolysis-linked M1 programs and limits the ma-
trix-degrading cascade mediated by metalloproteinases [5]. Supporting efferocytosis and
oxidative metabolism through PPARY activation and mitochondrial biogenesis sustains re-
parative M2 functions, promoting plaque stability [13]. In parallel, the selective inhibition of
MMP-9 offers a rational approach to preserve the fibrous cap and restrict immune cell traf-
ficking, thereby reducing vulnerability to rupture [58]. At the population level, statin ther-
apy aligns with logistic models of intima-media thickness progression, reinforcing the im-
portance of early intervention during phases of accelerated plaque growth [84].

https://doi.org/10.3390/ijms27052291



Int. ]. Mol. Sci. 2026, 27, 2291

17 of 34

7.6.1. Succinate-SUCNR1 Signaling in Atherosclerotic Plaque Macrophages

Hypoxic and necrotic plaque microdomains are poised to accumulate succinate, a
metabolite that, in myeloid cells, signals through SUCNR1 (GPR91) to promote chemo-
taxis and polarization via Gg-coupled pathways. This mechanism is well-documented in
cancer and metabolic tissues and is mechanistically compatible with hypoxic plaque mac-
rophages [7-9]. Conceptually, SUCNRI antagonism (or biased modulators) could limit
metabolite-reinforced M1/M2 mis-wiring in vulnerable regions, particularly when com-
bined with strategies that reduce hypoxia burden or stabilize the endothelium/NO.

7.6.2. PI3Ky Signaling in Myeloid Cells as a Reprogramming Lever

Tumor-derived exosomal miR-301a-3p down-regulates PTEN and activates PI3Ky,
reprogramming macrophages toward immunosuppressive states [10]; clinical data with
the PI3Ky inhibitor eganelisib show macrophage reprogramming, immune activation,
and ECM remodeling in solid tumors [15]. Given the shared immunometabolic logic be-
tween TAMs and plaque macrophages (glycolysis-biased M1, matrix remodeling under
hypoxia), selective PI3Ky inhibition emerges as a plausible strategy to rebalance myeloid
programming in atherosclerosis, potentially synergizing with lipid-lowering agents (such
as statins) and HIF/NO-targeted approaches [5].

These metabolites and signaling nodes align with the transversal cues discussed
across T2D/obesity and cancer.

8. Cancer—Hypoxia—-HIF-TAM Axis

Cancer remains a leading global health burden: in 2025, an estimated 20.5 million
new cancer cases and 9.7 million deaths occurred worldwide, with projections exceeding
30 million annual cases by 2040 [87]. The most prevalent malignancies include breast, lung,
colorectal, prostate, and liver cancers, collectively accounting for over 50% of global inci-
dence. Despite therapeutic advances, cancer imposes a significant economic impact, with
global costs surpassing USD 1 trillion annually and substantial disparities in survival be-
tween high-income and low-income regions.

8.1. Tumor Microenvironment (TME)

The tumor microenvironment (TME) comprises immune and stromal cells, vascula-
ture, and the extracellular matrix, which co-evolve with cancer cells to shape growth, in-
vasion, and immune evasion [88,89]. Among immune components, tumor-associated
macrophages (TAMs) are abundant and plastic, orchestrating inflammation, angiogenesis,
and immune suppression in a context-dependent manner [88,90]. The TME comprises im-
mune and stromal cells, vasculature, and the extracellular matrix, which co-evolve with
cancer cells to shape growth, invasion, and immune evasion [88,89,91].

8.2. Hypoxia as a Driver of TME Remodeling

Rapid tumor growth outpaces perfusion, creating chronic and cycling hypoxia that
stabilizes HIFs, rewires metabolism, and promotes pro-tumorigenic signaling [92,93].
Through HIF-1a/HIF-2a, hypoxia induces angiogenic programs and inflammatory medi-
ators, reshaping cellular composition and macrophage states in poorly vascularized
niches [94,95].

8.3. TAM Origins and Diversity (Monocytes, TRMs, TEMs)

TAMs originate from two major sources: circulating monocytes and tissue-resident
macrophage (TRM) lineages with self-renewal capacity, and their relative contribution
varies across tumor types and niches [91,96,97]. Functionally distinct TAM subsets arise
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from this ontogeny; for example, TIE2-expressing macrophages (TEMs) localize to peri-
vascular niches and promote angiogenesis and vascular perfusion [88,89]. Circulating
CD14/CD16 monocyte subsets contribute to the TAM pool but do not map directly onto
M1/M2 states, as their polarization is shaped primarily by local metabolic and hypoxic
cues within the tumor microenvironment.

TAM lineages and spatial niches in the TME. Circulating monocytes and tissue-resi-
dent macrophages (TRMs) populate hypoxic and perivascular niches; TIE2-expressing
macrophages (TEMs) support angiogenesis, while TAMs polarize along a functional con-
tinuum under microenvironmental cues [88,91,97,98].

8.4. Immunometabolism of TAMs (HIF-Programmed)

TAM function is tightly coupled to metabolism: HIF-1a supports glycolysis and in-
flammatory effector programs, while oxidative metabolism aligns with reparative func-
tions; hypoxia skews macrophage states by stabilizing HIFs and reprogramming glyco-
lytic/mitochondrial flux [99,100]. In specific settings, HIF-1a also sustains immunosup-
pressive TAM activities, underscoring the context-specific roles [88,101].

Functional Consequences of TAM Programs

Under hypoxia, tumor-associated macrophages increase VEGF-A and other pro-an-
giogenic mediators, while assisting in the breakdown of perivascular extracellular matrix,
thereby promoting neovessel formation. High VEGF-A co-localizes with macrophage-rich,
poorly perfused tumor regions and associates with an adverse prognosis [102-105]. Peri-
vascular TAM-derived VEGEF-A transiently disrupts endothelial junctions and enables tu-
mor-cell intravasation at tumor microenvironment of metastasis (TMEM) triads, and
TMEM density correlates with metastatic recurrence, nominating TAMs as actionable
anti-metastatic targets [106-108]. TAM-upregulated ARG1 depletes L-arginine and, to-
gether with TGF-f—driven fibrosis, establishes a metabolically and mechanically suppres-
sive niche that impairs CD8* T-cell signaling and effector function [109].

8.5. Lactate Axis: PKA-CREB-HIF-1a and Immune Checkpoints

Tumor-derived lactate acts as a paracrine signal that drives TAM polarization and
VEGF-A induction via PKA/CREB in a HIF-1a-dependent manner [110,111]. Lactate also
upregulates PD-L1 on macrophages, thereby enhancing immune evasion and contrib-
uting to epigenetic reprogramming (e.g., histone lactylation) that reinforces angiogenesis
and suppression [112,113].

8.6. Succinate/SUCNRI Signaling in Tumor-Associated Macrophages (Mechanistic Overview)

Tumor-derived succinate accumulates in hypoxic niches and acts as a dual intracel-
lular and extracellular signal. Intracellular succinate stabilizes HIF-1a by inhibiting PHDs,
whereas extracellular succinate activates SUCNR1 on macrophages, engaging Gq-de-
pendent signaling that shapes TAM migration and polarization. Structural and functional
studies demonstrate that tumor-derived succinate functions as a potent extracellular cue
for macrophages, with SUCNRT1 acting as a metabolite-sensing receptor that regulates mi-
gratory and pro-angiogenic programs [114,115].

As illustrated in Figure 6, succinate accumulation under hypoxia drives HIF-1a sta-
bilization in tumor cells and activates SUCNRI signaling in macrophages, thereby rein-
forcing pro-angiogenic and immunoregulatory programs [116-118].
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Figure 6. Succinate-Driven HIF-1a Stabilization and SUCNR1-Mediated Macrophage Polariza-
tion. Succinate accumulation drives HIF-1a stabilization in tumor cells and activates SUCNR1 on
macrophages, as reported in [116-118]. SDH dysfunction and hypoxia increase intracellular succin-
ate (— PHD inhibition — HIF-1a stabilization), while extracellular succinate engages SUCNR1 to
trigger PI3K/Akt — HIF-1a signaling and M2-like polarization. Parts of the figure were created us-
ing images provided by Servier Medical Art (https://smart.servier.com), licensed under CC BY 4.
(https://creativecommons.org/licenses/by/4.0/) (Accessed 10 November 2025).

8.7. Hypoxia-Regulated Exosomes: PTEN| — PI3Ky1 and TAM Reprogramming

Hypoxia increases exosome biogenesis and loads oncogenic miRNAs; a canonical ex-
ample is miR-301a-3p, which suppresses PTEN and activates PI3Ky, reprogramming mac-
rophages toward immunosuppression and promoting metastasis [119,120]. Related stud-
ies indicate that hypoxic tumor exosomes (e.g., miR-21) propagate invasive phenotypes
and modulate myeloid cells across various tumor types [121,122]. A comprehensive over-
view of TAM-mediated mechanisms across solid tumors is provided in several reviews
[103,123].

Table 3 summarizes emerging exosome-based therapeutic strategies designed to
overcome hypoxia-driven tumor progression and immunosuppression. These approaches
exploit exosomes’ natural targeting and biocompatibility to deliver genetic tools (e.g.,
CRISPR/Cas9), microRNA inhibitors, and chemosensitizers directly to tumor-associated
macrophages (TAMs) or hypoxic cancer cells. By modulating key pathways such as
PI3Ky/Akt, HIF-1a signaling, and drug-resistance mechanisms, these strategies aim to re-
program macrophage polarization, restore anti-tumor immunity, and enhance the efficacy
of conventional therapies. Recent studies highlight the potential of combining exosome-
based delivery with checkpoint inhibitors and anti-HIF drugs to achieve synergistic effects
in hypoxic tumor microenvironments [81,91].
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Table 3. Emerging Exosome-Based Therapeutic Strategies Targeting Hypoxia-Driven Tumor Pro-

gression and TAM Reprogramming.

Potential Clinical

T hani Ref
Strategy arget Mechanism Application eferences
Anti-miR-301a-3p Restores PTEN,
R TAMs; red
delivery via PTEN/PI3Ky axis ~attenuates PI3Ky/Akt , b ooram TAMS TEQUCE qqq)
, . , immunosuppression
engineered exosomes signaling
Surface receptors on
Ligand-decorated TAMs: CD206
& (MRC1), CD163, Enhances uptake and  Improves siRNA/drug
exosomes for TAM o . [120]
taroetin TIE2, PD-L1 specificity delivery
setng (CD274), SUCNR1
(GPR91)
Combination
. Blocks hypoxia- . .
payloads (anti-HIE+ e ) popy g induced immune Synergizes with [121]
checkpoint escape immunotherapy
inhibitors) P
CRISPR-loaded HIF-10/VEGF genes Gene editirTg to . Co%mters hypoxia-driven [122]
exosomes reduce angiogenesis  resistance
Exosomal Drug-resistance Overcc.)m.es Enhances conventional
. hypoxia-induced [123]
chemosensitizers pathways therapy

chemoresistance

Abbreviations: Akt—protein kinase B; CD163—cluster of differentiation 163; CD206 (MRC1)—man-
nose receptor C-type 1, CD274 (PD-L1)—programmed death-ligand 1; CRISPR —clustered regularly
interspaced short palindromic repeats; GPR91 (SUCNR1)—succinate receptor 1; HIF-1la —hypoxia-
inducible factor 1 alpha; miR —microRNA; PD-L1 (CD274)—programmed death-ligand 1; PI3Ky —
phosphoinositide 3-kinase gamma; PTEN — phosphatase and tensin homolog; siRNA —small inter-
fering RNA; TAM —tumor-associated macrophage; TIE2—tyrosine kinase with immunoglobulin-
like and EGF-like domains 2; VEGF —vascular endothelial growth factor.

8.8. Hypoxia — PD-L1 Axis in TAMs (Immune Evasion)

Hypoxia upregulates PD-L1 by activating HIF-1a, which binds to a hypoxia-response
element in the PD-L1 promoter, thereby suppressing T-cell activity; this mechanism oper-
ates in both tumor cells and TAMs [124]. Clinical studies further link monocyte/macro-
phage PD-L1 in peritumoral regions with impaired lymphocyte function and worse out-
comes [125,126].

HIF-1a binds to a hypoxia-response element in the proximal PD-L1 promoter; in
TAMs, this sustains immune evasion and predicts a poor response unless the axis is ther-
apeutically intercepted.

8.9. Translational Entry Points (HIF-2a, PI3Ky, SUCNR1, Exosome-Based Therapies)

Therapeutic strategies targeting the HIF-macrophage axis are emerging as promising
interventions across hypoxia-driven pathologies. Selective inhibition of HIF-2«a with
agents such as belzutifan reduces recruitment and maintenance of M2-like TAMs, thereby
mitigating immunosuppressive niches [127]. Similarly, PI3Ky blockade using eganelisib
reprograms macrophages from an M2 to an M1 phenotype and remodels the tumor mi-
croenvironment toward immune activation [128]. Antagonism of SUCNRI interrupts suc-
cinate-driven signaling cascades that reinforce M2 polarization under hypoxia, offering
another tractable entry point [129]. Exosome-based delivery of anti-miR-301a-3p restores
PTEN expression and counters PI3Ky/Akt in TAMs,

signaling reversing
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immunosuppression and enhancing therapeutic response [10,130]. Finally, PPARY agonists
and SGLT2 inhibitors, though primarily metabolic agents, exert secondary benefits by fa-
voring reparative macrophage programs in hypoxic and inflamed metabolic tissues, linking
mechanistic insights from T2D and obesity to oncology [131]. The following subsections
outline these translational entry points in greater detail, beginning with HIF-2a inhibitors.

8.9.1. HIF-2a Inhibitors

Belzutifan and related agents demonstrate activity in VHL-driven and sporadic clear-
cell renal cell carcinoma (ccRCC), with emerging data supporting their modulation of the
immune microenvironment [132,133]. The first-in-class HIF-2a inhibitor PT2385 exhibits
target engagement and early clinical signals; preclinical and clinical observations in gli-
oma suggest myeloid remodeling, even in the absence of direct cytotoxicity against tumor
cells [134-136].

8.9.2. PI3Ky Inhibition (Myeloid Reprogramming Lever)

PI3Ky integrates exosome-borne miRNA inputs (for example, miR-301a-3p, which
suppresses PTEN), thereby consolidating TAM immunosuppression [137]. Clinical data
with eganelisib demonstrate macrophage reprogramming, immune activation, and extra-
cellular matrix remodeling in solid tumors, positioning PI3Ky as a tractable lever for TAM
re-education [138].

8.9.3. Succinate-SUCNR1 Axis (Metabolite-Receptor Node)

From a translational perspective, the succinate—-SUCNRI1 axis represents a druggable
node in hypoxic tumors. Cancer cells accumulate and release succinate, which stabilizes
HIF-1a intracellularly and activates SUCNR1 (GPR91) on macrophages, promoting chem-
otaxis and polarization via Gq-coupled signaling [139,140]. Structural and functional in-
sights support SUCNRI as a metabolite sensor relevant to migratory and pro-angiogenic
myeloid programs [141,142]. This positions SUCNR1 antagonism as a mechanistically co-
herent approach to remodel TAM states and counter hypoxia-driven immune suppression.

8.9.4. Exosome-Based Therapeutics

In hypoxic tumors, engineered exosome strategies converge on myeloid reprogram-
ming and resistance reversal: anti-miR-301a-3p payloads delivered to TAMs restore PTEN
and attenuate PI3Ky/Akt signaling [10,130,137,143,144]; ligand-decorated exosomes en-
hance TAM uptake and improve siRNA/drug specificity [145]; combination payloads co-
deliver anti-HIF agents with checkpoint inhibitors to counter hypoxia-induced immuno-
suppression [146]; and CRISPR-loaded exosomes aim at HIF-1a/VEGF or other hypoxia-
linked targets to reduce angiogenesis and M2 polarization [147]. A complementary ap-
proach utilizes exosome-mediated chemosensitizers to overcome drug resistance under
hypoxic conditions [146].

Exosome-based therapeutics—at a glance: anti-miR-301a-3p strategies (aimed at re-
storing PTEN and attenuating PI3Ky/Akt signaling in tumor-associated macrophages,
thereby reversing immunosuppression [148,149]); TAM-targeting approaches (see com-
prehensive review [150]), including PI3Ky inhibitors such as eganelisib, HIF-2a inhibitors
such as belzutifan, and SUCNRI1 antagonists to block succinate-driven cues [127,129]; co-
delivery strategies combining anti-HIF agents with anti-PD-L1/PD-1 to blunt hypoxia-in-
duced checkpoint upregulation and improve response [151]; CRISPR-loaded exosomes
designed to edit HIF-1a/VEGF or other resistance nodes in hypoxic tumors [152]; and ex-
osomal chemosensitizers to overcome hypoxia-driven drug resistance and enhance con-
ventional therapy [151]. Future studies should include protocol registration (e.g.,
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PROSPERO) and formal quality assessment as standard practice to improve transparency
and reproducibility.

Several emerging strategies complement the core therapeutic approaches discussed
above. Engineered macrophages (CAR-M) show promise in early-phase studies, enhanc-
ing phagocytosis, remodeling TME, and potentially shifting polarization toward an M1-
like state in selected solid tumors [153]. Another avenue involves targeting the C-C chem-
okine receptor 5 (CCR5) axis: in multiple myeloma models, CCR5 blockade with mara-
viroc combined with bortezomib reduced M2 polarization and improved chemosensitiv-
ity, suggesting a hypothesis-generating approach for TAM-rich settings [154].

Hypoxia imaging also offers translational value. Non-invasive techniques such as
~M8F-FMISO PET can localize hypoxic niches that align with HIF-driven macrophage pro-
grams in tumors and plaques, supporting risk stratification and therapy monitoring [155].
Additionally, macrophage-expressed dihydropyrimidine dehydrogenase (DPD) can
catabolize 5-FU under hypoxic conditions, conferring chemoresistance and nominating
the HIF/DPD axis as a potential target [156].

Broad inhibition of HIF pathways (HIF-1la and HIF-2a) and exosome-based anti-
miR-301a-3p strategies represent complementary approaches to remodel TAM programs
and counter hypoxia-driven immunosuppression.

9. Conclusions

Hypoxia stabilizes HIF-1a/HIF-2ae and — through lactate, succinate, and hypoxia-reg-
ulated exosomes —reprograms macrophages across T2D, atherosclerosis, and cancer, link-
ing oxygen debt to inflammation, tissue remodeling, and immune escape [140,157-159].
This macrophage-centered triad explains M1 lock-in in diabetic wounds, glycolysis-bi-
ased M1 programs, and cap fragility in atherosclerotic plaques, as well as TAM-mediated
angiogenesis and PD-L1-driven suppression in tumors [160-163]. A concise biomarker
panel comprising HIF-1a, VEGF-A, and MMP-9 captures the hypoxia burden and aligns
with macrophage state and clinical risk, providing a practical bridge to therapy selection
and response monitoring [164,165]. Translational levers—including HIF-2a inhibition,
PI3Ky blockade, SUCNRI targeting, and exosome-based miRNA modulation—are mech-
anistically coherent across indications and are well suited for imaging-guided, biomarker-
anchored trials [166-169]. Clinical adoption should focus on reducing the hypoxia burden
(endothelium/NO support, wound oxygenation), rebalancing macrophage metabolism
(PPARY/FAO support), and reprogramming myeloid cells in hypoxic tumors to restore
antitumor immunity [170,171].

10. What Is Novel in This Review

Cross-disease triad. We articulate a single, testable triad —hypoxia — HIF-1a/HIF-2a,
lactate/succinate, and hypoxia-regulated exosomes—that coherently explains macro-
phage reprogramming in T2D/obesity (hypoxic WAT), atherosclerosis (lipid-core hy-
poxia), and tumors (poorly perfused niches) [6,7,13,24,25].

Macrophage-first integration. We consistently map immunometabolism (glycolysis
vs FAO/OXPHOS) onto functional outcomes (M1 lock-in diabetic wounds; plaque vulner-
ability; TAM-mediated angiogenesis; and immune escape), rather than treating macro-
phage signals as isolated pathways [4,5,26].

Actionable levers, shared logic. We nominate HIF-2a inhibitors (belzutifan), PI3Ky
inhibitors (eganelisib), SUCNRI1 antagonists, and exosomal miRNA modulation as shared
levers that can be repurposed across indications, not only in oncology [7,10,14,15].

Compact biomarker panel. We propose a pragmatic biomarker triad—HIF-1q,
VEGF-A, and MMP-9—that reflects tissue hypoxia, macrophage phenotype, and
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downsxplainedtream clinical trajectory. This interpretive pattern is supported by mecha-
nistic, vascular, and neurovascular evidence; we also acknowledge its limitations: circu-
lating HIF-1a is labile, while VEGF-A and MMP-9 lack disease specificity and rise in di-
verse inflammatory or remodeling contexts [16,20,80].

Translational extensions. Building on this framework, we highlight TAM-expressed
DPD as a myeloid driver of 5-FU resistance and [*18F]FMISO PET as a hypoxia-imaging
readout aligned with macrophage programming [155,156].

11. Clinical and Therapeutic Implications

T2D/obesity and wound care. Strategies that reduce microvascular hypoxia and re-
balance macrophage programs—such as SGLT2 inhibitors (which improve endothelial
function and nitric oxide bioavailability) and GLP-1 receptor agonists (which reduce in-
flammation and enhance lipid handling) —can restore the M1-to-M2 transition in chronic
diabetic ulcers and promote effective tissue repair [26,57,59,60,62].

Atherosclerosis. The biomarker panel HIF-1a/VEGF-A/MMP-9 aligns with plaque
vulnerability and can support the selection and timing of statins and adjunctive therapies,
including PPARy-driven FAO/OXPHOS support and MMP-9 inhibition, to stabilize the
fibrous cap [13,16,58].

Oncology. In TAM-rich, hypoxic tumors, combining HIF-2« inhibition or PI3Ky
blockade with immune checkpoint therapy may reprogram TAMs, reduce PD-L1-medi-
ated immune evasion, and sensitize the tumor microenvironment. Exosome-targeted anti-
miR-301a-3p represents a precision myeloid-editing strategy for miRNA-high, hypoxia-
driven cancers [10,14,15,124].

Imaging-guided care. [*"18F]FMISO PET localizes hypoxic niches in plaques and tu-
mors and can be integrated with the HIF-1a/VEGF-A/MMP-9 panel to personalize ther-
apy intensity and monitor macrophage reprogramming over time [86].

12. Future Research

Prospective validation. Multi-cohort studies should validate the HIF-1a/VEGEF-
A/MMP-9 panel across T2D-related wounds, carotid and coronary atherosclerosis, and
solid tumors, linking longitudinal measurements to macrophage phenotyping and clinical
endpoints [16,80].

Interventional trials. PI3Ky inhibitors (macrophage reprogramming) and SUCNR1
modulators (succinate signaling) warrant testing in plaque biology and selected solid tu-
mors, ideally with macrophage-state readouts and hypoxia-imaging endpoints [7,8,15].

Exosome/miRNA precision strategies. Phase I/II studies should evaluate anti-miR-
301a-3p delivery to TAMs, including pharmacodynamic effects on PTEN/PI3Ky and PD-
L1, as well as targeting performance and safety [10,11].

Wound-repair mechanistic trials. Oxygenation devices combined with SGLT2 inhib-
itors or GLP-1 receptor agonists merit investigation, with attention to temporal HIF
switching and quantitative M1-to-M2 metrics [26,57].

Assay standardization. Harmonization of HIF-1a/HIF-2a, VEGF-A, and MMP-9 as-
say platforms is needed, along with the definition of disease-specific clinical cut points
and their imaging correlates [16,86].

13. Methodological Considerations and Limitations

Macrophage states exist along a dynamic continuum rather than within a strict
M1/M2 dichotomy, and their functional outputs vary with disease stage, tissue oxygena-
tion, and therapeutic context [4,5]. This complexity requires cautious extrapolation across
experimental models and disease settings.
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Translational challenges also remain substantial. Approaches such as SUCNR1 inhi-
bition or exosome-based interventions require further progress in druggability and bi-
omanufacturing maturity, and potential off-target effects or immunogenicity mandate rig-
orous monitoring [8,11]. These issues highlight the gap between mechanistic insights and
clinical implementation.

In addition, the current evidence base is heterogeneous, with many findings derived
from preclinical models. Ensuring clinical relevance will require validation in human
studies using standardized biomarkers and hypoxia-imaging endpoints [15,86], which is
essential for bridging experimental observations with patient-centered applications.

Finally, although the search strategy was comprehensive, this review did not involve
protocol registration (e.g., PROSPERO) and did not include a formal assessment of study
quality or risk of bias. These omissions increase the potential for selection bias and limit
reproducibility. Furthermore, the narrative design precludes quantitative synthesis, and
heterogeneity across models and assays constrains generalizability. Future work should
incorporate standardized quality-appraisal tools and protocol registration to strengthen
methodological rigor.
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ABCA1 ATP-binding cassette transporter Al

AGEs advanced glycation end-products

ARG1 arginase-1 (M2 macrophage marker; arginine catabolism)
ARNT aryl hydrocarbon receptor nuclear translocator (HIF-13)
ATP adenosine triphosphate

cAMP cyclic adenosine monophosphate

CAR-M chimeric antigen receptor macrophages

CCL2 C-C motif chemokine ligand 2 (MCP-1)

CCL3 C-C motif chemokine ligand 3 (MIP-1«)

CCR2 C-C chemokine receptor 2

CCR5 C-C chemokine receptor 5

ccRCC clear-cell renal cell carcinoma

CD163 cluster of differentiation 163

CD206 cluster of differentiation 206

CD274 programmed death-ligand 1 (PD-L1)

CPT1 carnitine palmitoyltransferase 1

CREB cAMP response element-binding protein

CRISPR clustered regularly interspaced short palindromic repeats
DAMPs damage-associated molecular patterns

DPD dihydropyrimidine dehydrogenase

ECM extracellular matrix
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EMT
FAO
FMD
FMISO
FMISO PET
GLUT1
GPRI1
GSIS
HIF
HIF-1
HIF-1a
HIF-1B
HIEF-2
HIF-2a
HIF-a
HK

IMT
IL-1B
1L-4

IL-6
IL-10
1L-13
LDL
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M2d
MCP-1
MDSC
MIF
MIP-1«
miR
MMP
MMP-2
MMP-9
NADPH
NF-«xB
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NOX4
OGTT
OXPHOS
PD-1
PD-L1
PDH
PET
PFK
PFKFB3
PHD
PHD2
PI3K
PI3K/AKT
PI3Ky
PKA
PKA/CREB
PKC
PPARy
PT2385
PTEN
PTEN/PI3Ky
RAs

epithelial-mesenchymal transition

fatty acid oxidation

flow-mediated dilation

[18F]-fluoromisonidazole

fluoromisonidazole positron emission tomography
glucose transporter 1

succinate receptor 1 (SUCNR1)

glucose-stimulated insulin secretion
hypoxia-inducible factor

hypoxia-inducible factor 1

hypoxia-inducible factor 1 alpha
hypoxia-inducible factor 1 beta (ARNT)
hypoxia-inducible factor 2

hypoxia-inducible factor 2 alpha

HIF alpha subunit

hexokinase

intima-media thickness

interleukin-1 beta

interleukin-4

interleukin-6

interleukin-10

interleukin-13

low-density lipoprotein

classically activated macrophages

alternatively activated macrophages
angiogenic/immunoregulatory subtype of macrophages
monocyte chemoattractant protein-1
myeloid-derived suppressor cell(s)

macrophage migration inhibitory factor
macrophage inflammatory protein-1 alpha
microRNA

matrix metalloproteinases

matrix metalloproteinase 2

matrix metalloproteinase 9

nicotinamide adenine dinucleotide phosphate (reduced)
nuclear factor kappa-light-chain-enhancer of activated B cells
nitric oxide

NADPH oxidase 4

oral glucose tolerance test

oxidative phosphorylation

programmed cell death protein 1

programmed death-ligand 1

pyruvate dehydrogenase

positron emission tomography
phosphofructokinase-1
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
prolyl hydroxylase domain

prolyl hydroxylase domain 2

phosphoinositide 3-kinase

PI3K-Akt signaling pathway

phosphoinositide 3-kinase gamma

protein kinase A

PKA-CREB pathway

protein kinase C

peroxisome proliferator-activated receptor gamma
HIF-2at inhibitor (PT2385)

phosphatase and tensin homolog

PTEN-PI3KY axis

receptor agonists (GLP-1 RAs)
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ROS reactive oxygen species

SDH succinate dehydrogenase

SGLT sodium—glucose cotransporter family
SGLT2 sodium—glucose cotransporter 2
siRNA small interfering RNA

STAT6 signal transducer and activator of transcription 6
SUCNRI1 succinate receptor 1

T2D type 2 diabetes

TAM tumor-associated macrophage

TCA tricarboxylic acid

TG triglycerides

TGF-3 transforming growth factor beta
TIMP tissue inhibitor of metalloproteinases
TLR Toll-like receptor

TLR4 Toll-like receptor 4

TME tumor microenvironment

TMEM tumor microenvironment of metastasis
TNF tumor necrosis factor

VEGF vascular endothelial growth factor
VEGEF-A vascular endothelial growth factor A
VHL von Hippel-Lindau protein

WAT white adipose tissue
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