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Abstract: Diabetic vascular complications are common and severe, worsening quality of life and long-term outcomes. In diabetes,
chronic hyperglycemia together with dyslipidemia and hypertension reshapes endothelial metabolism and homeostasis. Endothelial
cells shift the balance of glucose utilization, fatty acid oxidation, and mitochondrial function, and these metabolic changes bias
endothelial behavior toward reduced nitric oxide bioavailability, oxidative stress, and a pro-inflammatory, pro-thrombotic state. Over
time, maladaptive stress responses promote senescence, cell loss, and endothelial-to-mesenchymal transition, accelerating the initiation
and progression of atherosclerotic plaques. This review summarizes how diabetic cues drive endothelial metabolic reprogramming and
how this, in turn, links endothelial dysfunction to plaque formation, growth, and instability. We highlight key metabolic pathways and
discuss how local hemodynamic forces at athero-prone regions further shape endothelial phenotypes and inflammatory signaling.
Finally, we outline therapeutic opportunities that target endothelial metabolism and stress responses—including modulation of
glycolytic flux, mitochondrial and redox-directed strategies, and pathway-level interventions that curb hypoxia and inflammatory
programs. We emphasize translational priorities such as endothelium-selective delivery, biomarkers of endothelial metabolic state, and
rigorous clinical testing to enable earlier and more effective prevention of diabetes-associated atherosclerotic disease.
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Introduction

Diabetes mellitus is a chronic metabolic disease marked by persistent hyperglycemia and a growing global health burden.
The International Diabetes Federation estimates ~530 million affected adults in 2024, rising to 783 million by 2045."
Much of its morbidity and mortality is driven by vascular complications across macrovascular and microvascular beds.”
Macrovascular complications include coronary artery disease, cerebrovascular disease, and peripheral artery disease,
whereas microvascular complications include diabetic nephropathy, diabetic retinopathy, diabetic peripheral neuropathy,
and diabetic cardiomyopathy. These complications are the main drivers of the excess morbidity and mortality associated
with diabetes. Cardiovascular disease remains the leading cause of death in diabetes, with atherosclerotic plaque
formation and progression providing the central pathological substrate for most events.” Hyperglycemia, insulin
resistance, and dyslipidemia converge to reduce the bioavailability of endothelial nitric oxide (NO), amplify oxidative
stress, and activate inflammatory pathways, thereby promoting vascular dysfunction and plaque vulnerability.*
Epidemiologic studies indicate that individuals with type 2 diabetes have a risk of atherosclerotic events that is two to
four times higher than that of individuals without diabetes, and earlier disease onset is associated with accelerated
trajectories.’

The vascular endothelium maintains vascular tone, regulates angiogenesis and hemostasis, and provides key anti-
oxidant, anti-inflammatory, and antithrombotic functions. Endothelial dysfunction is considered a precursor of athero-
sclerosis and cardiovascular disease, and evidence also links it to plaque progression and clinical events.® It is
characterized by impaired endothelium-dependent vasodilation together with endothelial activation, which creates a pro-
inflammatory, pro proliferative, and prothrombotic milieu that drives atherogenesis and its complications.” Endothelial
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dysfunction is an early hallmark of atherosclerosis that can identify patients at elevated vascular risk and has important
value in vascular health assessment.® Notably, endothelial dysfunction associated with insulin resistance appears to
precede overt hyperglycemia in type 2 diabetes.” These observations position endothelial dysfunction as a promising
early target for preventing atherosclerosis and cardiovascular disease in patients with diabetes or insulin resistance.

Despite strong clinical and experimental links between diabetes, endothelial dysfunction, and accelerated athero-
sclerosis, the mechanistic chain that connects diabetic cues to specific endothelial behaviors that drive plaque initiation,
progression, and instability remains incompletely resolved. Prior reviews have extensively discussed diabetic endothelial
dysfunction and inflammation/oxidative stress, as well as individual metabolic pathways in endothelial cells.'®"!
However, an integrated and stage-aware framework that connects diabetes-driven endothelial metabolic reprogramming
to phenotypic switching such as EndMT, to the amplification of inflammatory signaling, and to the influence of local
hemodynamic forces at atherosclerosis-prone sites has not yet been clearly articulated. To address this gap, this review
synthesizes current evidence on endothelial metabolic reprogramming in diabetes and its roles in endothelial-to-
mesenchymal transition (EndMT), inflammation, and atherosclerosis. We further highlight how disturbed flow modulates
metabolic state and inflammatory signaling to create regional vulnerability, and we outline therapeutic opportunities that
target endothelial metabolism and stress-response circuits, with emphasis on translational challenges such as endothe-
lium-selective delivery and rigorous clinical evaluation.

Methods

PubMed (https://pubmed.ncbi.nlm.nih.gov/) and Web of Science (https://clarivate.com/academia-government/scientific-

and-academic-research/research-discovery-and-referencing/web-of-science/) databases were searched from their incep-

tion to August 2025, with the language restricted to English. The search strategy focused on the association between
diabetes mellitus, endothelial dysfunction, endothelial metabolic reprogramming, endothelial-to-mesenchymal transition
(EndMT), hemodynamic forces, and atherosclerosis. Key words and their combinations included “diabetes mellitus,”
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“hyperglycemia,” “insulin resistance,
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endothelial dysfunction,” “endothelial metabolism,” “glycolysis,” “fatty acid
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oxidation,” “mitochondrial dysfunction,” “EndMT,” “endothelial-to-mesenchymal transition,” “disturbed flow,” “shear

stress,” “inflammation,” and “atherosclerosis,” as well as mechanism-related terms such as “PFKFB3,” “HIF-1a,” “TGF-
B,” “acetyl-CoA,” “NRF2,” and “mitophagy.”

This review considered original studies, including in vitro and in vivo experiments, animal models, and clinical or
epidemiologic investigations, that examined the relationship between diabetes, insulin resistance, or hyperglycemia and
endothelial dysfunction; characterized metabolic pathways in endothelial cells such as glucose metabolism, fatty acid
oxidation, and mitochondrial biology and their regulation by hemodynamic forces; explored how metabolic reprogram-
ming contributes to EndMT, vascular inflammation, and atherosclerotic plaque initiation, progression, and instability; or
evaluated therapeutic interventions targeting endothelial metabolism, mitochondrial function, or related inflammatory
pathways in the context of atherosclerosis or diabetic vascular complications. High-quality review articles and position
papers were additionally used to supplement background information, provide theoretical frameworks, and contextualize
emerging mechanistic findings.

Studies were excluded when endothelial cells or vascular endothelium were not clearly involved, when the primary
focus was on vascular diseases unrelated to diabetes, atherosclerosis, or metabolic/endothelial mechanisms, or when the
work did not address metabolic, inflammatory, or hemodynamic mechanisms relevant to endothelial dysfunction or
EndMT. Non-English publications, conference abstracts, non—peer-reviewed preprints, incomplete case reports, and
commentaries or editorials with limited relevance to the review topic were also excluded.

Diabetes and Endothelial Dysfunction

The vascular endothelium is central to vascular health, and “endothelial dysfunction” denotes a reduced capacity of the
endothelium to maintain vascular homeostasis.'> This phenotype reflects not only a deficiency of vasodilators but also an
excess of vasoconstrictors together with disordered regulation of inflammation, thrombosis, and vascular cell
proliferation.'® Substantial evidence links endothelial dysfunction and downstream atherosclerosis to insulin-resistant
states, including obesity and diabetes.'*'> Cross-sectional studies show blunted endothelium-dependent vasodilation in
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both the coronary and peripheral circulations of patients with type 1 diabetes'® and type 2 diabetes.'” Endothelial
dysfunction is likewise observed with obesity accompanying type 2 diabetes,'® sedentary behavior, and the metabolic
syndrome.'® Beyond impaired vasodilatory responses, circulating levels of endothelial adhesion molecules and plasmi-
nogen activator inhibitor-1 are elevated in diabetes, indicating a pro-inflammatory and prothrombotic state.”’*' Insulin
resistance, the core pathophysiologic feature of type 2 diabetes, has been closely examined in relation to endothelial
function. Insulin sensitivity quantified by the hyperinsulinemic—euglycemic clamp correlates positively with acetylcho-
line-induced increases in skin blood flow in obese women?® and with brachial artery flow-mediated dilation in
nondiabetic individuals.”> Greater insulin secretion during an oral glucose tolerance test is associated with worse
endothelial function in the coronary circulation®* and with attenuated forearm blood-flow responses.”” Higher plasma
insulin levels also track with lower flow-mediated dilation.?® Consistently, the homeostasis model assessment of insulin
resistance is inversely associated with methacholine-induced changes in lower-limb blood flow”’ and with acetylcholine-
induced skin perfusion in both diabetic and nondiabetic participants.”” In the Framingham cohort, flow-mediated dilation
was inversely related to insulin resistance, although this association was attenuated after adjustment for metabolic-
syndrome components.'® Notably, endothelial dysfunction may precede the onset of diabetes. Nondiabetic first-degree
relatives of individuals with type 2 diabetes exhibit reduced endothelium-dependent vasodilation and higher circulating
markers of endothelial activation,”® and similar abnormalities are seen in insulin-resistant nondiabetic offspring identified
by oral glucose tolerance testing.”® Prospective data further indicate that circulating markers of endothelial activation
predict incident type 2 diabetes after adjustment for body mass index, physical activity, lipids, family history, and glucose
tolerance.”’ Impaired flow-mediated dilation®® and genetic polymorphisms in endothelial NO synthase (eNOS)?' have
also been reported as independent predictors of type 2 diabetes. Taken together, these observations suggest shared
pathobiology and a potential causal link between insulin resistance and endothelial dysfunction. Intervention studies
strengthen this connection. Treatments that improve insulin sensitivity often produce parallel improvements in endothe-
lial function. Rosiglitazone** and troglitazone™ enhance forearm microvascular dilation in patients with type 2 diabetes.
Metformin improves endothelium-dependent dilation in type 2 diabetes®* and in the metabolic syndrome.*® Pioglitazone
augments endothelial function in hypertensive or hypercholesterolemic nondiabetic subjects with or without insulin
resistance.’® Rosiglitazone has also been shown to increase flow-mediated dilation and lower inflammatory markers in
healthy, non-obese, low-risk volunteers.>” In addition, weight loss, regular physical activity, and inhibition of the renin—
angiotensin system contribute to endothelial recovery, in part through enhanced insulin sensitivity or reduced diabetes
risk.*®

In summary, diabetes coexists with marked endothelial dysfunction, which likely contributes to the excess cardio-
vascular risk in this population. Defining the underlying molecular mechanisms may open new avenues for clinical
management.

Endothelial Metabolic Rewiring in the Diabetic Milieu

Glucose Metabolism Oxidative Stress AGEs and Signaling Imbalance

Hyperglycemia, a defining metabolic hallmark of diabetes, is closely linked to disordered metabolism, functional
impairment, and secondary vascular pathology in vascular endothelial cells (VECs). A prominent feature is the increased
production of reactive oxygen species and reactive nitrogen species (ROS and RNS).** In VECs, ROS elevation arises
gphox  pgzphox g 7phox
upregulated; this pathway is accompanied by downregulation of 8-oxoguanine glycosylase and activation of protein
kinase C (PKC), as shown in high glucose—treated human umbilical vein endothelial cells (HUVECsS).***! Second,
xanthine oxidase contributes substantially, supported by the ability of the xanthine oxidase inhibitor allopurinol to block

primarily from three sources. First, expression and activity of NADPH oxidase subunits (p2 ) are

high glucose—induced ROS generation.** Third, eNOS uncoupling augments oxidative stress in diabetic mice.*
Hyperglycemia also elevates intracellular cAMP, which activates protein kinase A and induces inhibitory phosphoryla-
tion of glucose-6-phosphate dehydrogenase (Figure 1). This reduces flux through the pentose phosphate pathway, lowers
NADPH availability, and further amplifies ROS.** In parallel, high glucose upregulates the mitochondrial fission proteins
Fisl and Drpl, promoting excessive fission and impaired autophagy, which increases ROS, blunts eNOS activation, and
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Figure | Hyperglycemia-induced metabolic reprogramming and ROS-mediated vascular dysfunction in endothelial cells. In VECs, the expression and activity of NAD(P)H
oxidase subunits (p22phox, p67phox, p47phox) are upregulated, leading to increased ROS generation, which promotes OGGI downregulation and PKC activation. In
addition, the XO pathway and eNOS uncoupling also contribute to ROS production. Hyperglycemia elevates intracellular cAMP, which activates PKA and induces inhibitory
phosphorylation of G6PD, thereby reducing glucose entry into the PPP, lowering NADPH levels, and further amplifying ROS. Meanwhile, high glucose upregulates
mitochondrial fission—related proteins Fis| and Drpl, resulting in enhanced mitochondrial fission and impaired autophagy, which aggravates ROS production, suppresses
eNOS activation, and reduces NO bioavailability. ROS activate PARP-1, leading to GAPDH inactivation and blockade of glycolytic flux. Glucose not metabolized through
glycolysis is shunted into the polyol pathway, where AR catalyzes its conversion into sorbitol at the expense of NADPH consumption, further exacerbating oxidative stress.
Sorbitol is subsequently metabolized to fructose and the highly reactive 3DG, promoting AGE formation. Moreover, accumulated glycolytic intermediates undergo abnormal
diversion: F6P enters the HBP via GFAT, producing UDP-GIcNAc. In parallel, G3P can enter the methylglyoxal pathway to enhance AGE formation and contribute to de novo
DAG synthesis, thereby triggering PKC activation and vascular abnormalities. Large amounts of AGEs bind to their receptor RAGE on ECs. On one hand, this interaction
promotes TLR-4 heterodimerization and NF-kB pathway activation, thereby upregulating adhesion molecule expression and increasing vascular permeability. On the other
hand, AGEs—RAGE binding induces aberrant VEGF overexpression, resulting in excessive angiogenesis.

Abbreviations: VECs, Vascular endothelial cells; ROS, Reactive oxygen species; OGGI, 8-oxoguanine DNA glycosylase; PKC, Protein kinase C; XO, Xanthine oxidase;
eNOS, Endothelial nitric oxide synthase; NO, Nitric oxide; cAMP, Cyclic adenosine monophosphate; PKA, Protein kinase A; G6PD, Glucose-6-phosphate dehydrogenase;
PPP, Pentose phosphate pathway; Fis |, Mitochondrial fission | protein; Drpl, Dynamin-related protein |; PARP-1, Poly(ADP-ribose) polymerase-1; GAPDH, Glyceraldehyde-
3-phosphate dehydrogenase; AR, Aldose reductase; 3DG, 3-deoxyglucosone; AGEs, Advanced glycation end products; F6P, Fructose-6-phosphate; HBP, Hexosamine
biosynthesis pathway; GFAT, Glutamine: fructose-6-phosphate amidotransferase; UDP-GIcNAc, Uridine diphosphate N-acetylglucosamine; G3P, Glyceraldehyde-3-phos-
phate; DAG, Diacylglycerol; ECs, Endothelial cells; RAGE, Receptor for advanced glycation end products; TLR-4, Toll-like receptor 4; NF-kB, Nuclear factor kappa-light-chain
-enhancer of activated B cells; VEGF, Vascular endothelial growth factor.

reduces NO bioavailability.*> Excess ROS can activate poly(ADP-ribose) polymerase-1 (PARP1), leading to poly-ADP-
ribosylation and inactivation of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), thereby restricting glycolytic
flux.*® When glycolysis is bottlenecked, glucose is diverted into alternative pathways. In the polyol pathway, aldose
reductase converts glucose to sorbitol at the expense of NADPH, exacerbating oxidative stress; sorbitol is subsequently

converted to fructose and 3-deoxyglucosone, which promote the formation of advanced glycation end products (AGEs).*’
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Accumulated glycolytic intermediates also undergo maladaptive shunting. Fructose-6-phosphate enters the hexosamine
biosynthetic pathway via glutamine: fructose-6-phosphate amidotransferase, generating UDP-N-acetylglucosamine.
Although protein O-GIcNAcylation is essential for endothelial physiology, hyperglycemia-driven excess
O-GlcNAcylation can impair angiogenesis.*”*® Glyceraldehyde-3-phosphate and dihydroxyacetone phosphate feed the
methylglyoxal pathway, enhancing AGE formation, and support de novo diacylglycerol synthesis, which activates PKC
and contributes to vascular dysfunction.*’” AGEs bind the endothelial surface receptor RAGE. This interaction promotes
heterodimerization of Toll-like receptor 4, activates NF-kB signaling, and increases adhesion molecule expression; as
inflammatory cells and cytokines infiltrate local tissue, the associated oxidative stress further raises vascular
permeability.”® Engagement of RAGE by AGEs also induces aberrant overexpression of vascular endothelial growth
factor, driving pathological neovascularization.’'* Together, these processes directly injure endothelial cells (ECs)
through lipid peroxidation, structural damage, and increased apoptosis, while amplifying oxidative stress and accelerating
further endothelial injury.”® It has also been proposed that glucose-6-phosphate may enter the glucuronic acid pathway,
although evidence for this route in diabetic VECs remains limited.”*

Fatty Acid Oxidation Maintaining Endothelial Identity and Vascular Homeostasis
Fatty acid oxidation (FAO) is an alternative pathway that converts long-chain fatty acids into acetyl-CoA while bypassing
the pyruvate dehydrogenase complex. Acetyl-CoA then condenses with oxaloacetate to form citrate and enters the
tricarboxylic acid cycle for energy production. In ECs, FAO is regulated primarily by hypoxia activated AMP-activated
protein kinase (AMPK).>> AMPK indirectly activates carnitine palmitoyltransferase 1A (CPT1A), which transports long
chain fatty acyl groups into mitochondria and constitutes the rate limiting step of FAO.>® Although FAO can fuel ATP
synthesis through mitochondrial respiration, ECs derive most of their energy from glycolysis. Recent work shows that
FAO also serves crucial non energetic functions in endothelial biology. Kalucka et al profiled metabolism in quiescent
ECs and found FAO activity to be approximately threefold higher than in proliferating ECs, mainly to regenerate
nicotinamide adenine dinucleotide phosphate in its reduced form and thereby maintain redox homeostasis. Inhibition of
FAO provoked marked oxidative stress, whereas acetate supplementation reversed this injury, indicating an essential role
for FAO in redox balance in quiescent endothelium.’” By contrast, Schoors et al examined proliferating ECs during
sprouting angiogenesis and focused on functions of FAO beyond energy supply. Knockdown of CPTIA markedly
impaired spheroid sprouting because of reduced cell proliferation. CPT1A knockdown did not lower ATP levels and
increased ROS by only about 20%, a degree that may even favor proliferation. Mechanistic studies showed that FAO
derived acetyl-CoA feeds the tricarboxylic acid cycle and supports de novo deoxynucleotide synthesis. Inhibition of
CPT1A reduced nucleotide synthesis, impaired DNA synthesis, and consequently limited endothelial proliferation and
sprouting.’® These findings differ from the role of FAO in preserving redox balance in quiescent cells yet converge on the
conclusion that FAO is essential for normal endothelial function and angiogenesis. In diabetes, the role of FAO is
complex and tissue specific. Notably, FAO supports endothelial proliferation and biomass accumulation during
angiogenesis.>®

Although diabetes is defined by hyperglycemia, it is frequently accompanied by elevated circulating free fatty acids
(FFA). Multiple studies have examined the impact of increased FFA on endothelial function. In healthy volunteers,
experimental elevation of FFA was associated with endothelial dysfunction,®® and follow up work showed that higher
FFA levels blunt insulin mediated vasodilation and NO production.®® Vigili et al similarly observed impaired endothe-
lium-dependent vasodilation with increased FFA.®' Related studies indicate that obesity related insulin resistance
stimulates vascular smooth muscle cell proliferation and promotes excessive FFA release from adipose tissue, which
in turn induces oxidative stress and activates PKC, creating a vicious cycle.”> When endothelial FAO is impaired,
intracellular calcium oscillations are enhanced, NADPH content falls, and the NADP to NADPH ratio rises. The result is
vascular leakage, reduced antioxidant capacity, and exacerbation of lipopolysaccharide mediated endothelial
activation.””® In a hyperinsulinemic milieu, hepatic lipoprotein synthesis increases, and AGEs promote glycation of
lipoproteins. This accelerates lipid dysregulation, yielding higher levels of triglyceride rich lipoproteins and low-density
lipoprotein with a concomitant decrease in high density lipoprotein.®* Small dense low-density lipoprotein exhibits
weaker binding to the low-density lipoprotein receptor, impairing clearance.> Owing to their small particle size, small
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dense low-density lipoproteins deposit more readily in the subendothelial space and bind proteoglycans, and the resulting
complexes are prone to oxidative modification. Activated macrophages in blood and tissues engulf oxidized low-density
lipoprotein, transform into foam cells, and, within an inflammatory milieu, accelerate the development and progression of
diabetic vascular complications.®>*® Insulin resistance also suppresses eNOS activity through PI3K and MAPK signal-
ing, reducing NO levels, which markedly impairs endothelium-dependent vasodilation and increases permeability.®’

In quiescent endothelial cells, fatty acid B-oxidation (FAO) is not the primary energy-producing pathway; however, it
can support NADPH regeneration by sustaining tricarboxylic acid (TCA) cycle activity, thereby preserving redox
homeostasis. Endothelial-specific deletion of CPT1A increases oxidative stress and is accompanied by barrier disruption
and inflammation-associated endothelial dysfunction, and acetate supplementation can partially ameliorate these
phenotypes.”” At the level of endothelial barrier regulation, acute inhibition of CPT1A increases intracellular Ca”"
oscillations and leads to elevated permeability in vitro and vascular leakage in vivo; these changes can be reversed by
blocking Ca*" influx or by supplementing TCA cycle intermediates, indicating a functional coupling between FAO, Ca*"
signaling, and barrier stability.*> In early atherosclerosis, endothelial barrier function and transendothelial transport are
closely linked to LDL entry into the arterial wall.®® Mechanistic studies further show that endothelial SR-B1 mediates
LDL translocation into the arterial wall and promotes atherosclerosis.®” The inflammatory cytokine tumor necrosis factor
o (TNF-a) can also enhance LDL transendothelial transport and increase LDL retention within the vessel wall.”® In
addition, EPAS1 has been reported to attenuate atherosclerosis initiation at sites of disturbed flow by promoting
endothelial fatty acid uptake to support proliferative repair.”’

Beyond its impact on barrier function, FAO deficiency is also linked to plaque vulnerability through EndMT and
extracellular matrix remodeling. Xiong et al showed that endothelial FAO restrains TGF-B—driven EndMT by maintain-
ing intracellular acetyl-CoA levels; in endothelial-specific Cpt2-deficient mice, enhanced EndMT and increased perme-
ability across multiple vascular beds were observed, suggesting that reduced FAO can bias endothelial fate toward
a mesenchymal-like phenotype and thereby cause structural barrier defects.”” In atherosclerotic lesions, Evrard et al used
endothelial lineage tracing in Apoe / mice to detect abundant EndMT-derived fibroblast-like cells within plaques, and
found that the extent of EndMT was associated with vulnerable plaque features; these cells were closely linked to altered
expression programs of collagen and matrix metalloproteinases (MMPs), providing direct evidence that EndMT
contributes to regulation of fibrous-cap structure and stability.”> Mechanistically, Chen et al, using human coronary
artery specimens and high-fat diet—fed Apoe / mice, reported that loss of endothelial FGFR1 protective signaling
enhances TGF- pathway activity, promotes EndMT, and correlates with disease progression, indicating that EndMT in
the atherosclerotic microenvironment is not merely a passive byproduct but a regulated pathological process driven by
specific signaling pathways.”* In subsequent work, the same group further demonstrated in hyperlipidemic models that
endothelial TGF-P signaling is a key driver of vascular wall inflammation and atherogenesis; inhibition of this pathway
reduces vascular inflammation and permeability and can delay or even partially reverse disease progression, supporting
a reversible causal relationship between the EndMT-associated TGF-$ axis and plaque burden as well as intramural
inflammation.”> Moreover, Zhu et al proposed that an atypical metabolic route converting glucose to acetate can
downregulate PDK4 and enhance ACSS2-dependent acetyl-CoA synthesis, thereby promoting acetylation of ALKS
and SMAD?2/4 to stabilize TGF- signaling and sustain the EndMT state. This work links acetyl-CoA availability to
persistent EndMT activation and provides experimental support for the concept that metabolic reprogramming can drive
EndMT and thereby influence plaque evolution.”® Finally, Cao et al reported that endothelial cells in atherosclerosis-
prone regions are enriched for genes related to polyunsaturated fatty acid metabolism, and that upregulation of soluble
epoxide hydrolase (sEH) in endothelium promotes oxidative stress and disease progression. In an AAV-PCSKO9 plus high-
fat diet-induced atherosclerosis model, inducible endothelial-specific deletion of SEH reduced plaque area, suggesting
that endothelial lipid-metabolic enzyme axes represent key regulatory nodes in atherosclerosis progression with potential
therapeutic relevance.”’

Mitochondrial Biogenesis and Dynamics in Endothelial Injury
Emerging evidence identifies mitochondrial dysfunction as a direct driver of vascular oxidative stress and excessive PKC
activation in diabetes. Beyond generating adenosine triphosphate, mitochondria participate in intracellular signaling
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through the production of ROS.”® Under physiological conditions, most of the oxygen consumed is coupled to ATP
synthesis, whereas approximately 1-2% is converted to superoxide anion.”’ Mitochondria-derived ROS modulate cell
growth, differentiation, and apoptosis.®* In diabetes and insulin resistance, ROS can also promote activation of AMP-
activated protein kinase, a central regulator of cellular energy balance.®' In selected vascular beds, mitochondrial
hydrogen peroxide contributes to shear stress—induced, endothelium-dependent vasodilation.®* When ROS are excessive,
as in diabetes, the effects are pathologic.”” Mitochondria-targeted antioxidants such as lipoic acid reduce free radical
generation, improve insulin sensitivity, enhance Akt activation, and restore NO-mediated vasodilation.* Mitochondrial
biogenesis and dynamics have gained attention for their roles in energy metabolism and ROS regulation in diabetes.®*
The generation of new mitochondria is governed by peroxisome proliferator—activated receptor gamma coactivator 1
alpha and nuclear respiratory factor 1 and depends on eNOS activity and NO bioavailability.*® Mitochondria have
lifespans of hours to days and undergo iterative cycles of fusion and fission. Fusion facilitates the distribution of
metabolites and mitochondrial DNA within the reticulum; fission yields daughter organelles and enables mitophagy to
remove damaged components, which is protective under normal conditions.*® Under pathological conditions, a shift
toward predominant fission with impaired autophagy disrupts network integrity, promotes the accumulation of dysfunc-
tional mitochondria, increases ROS production, and lowers ATP output.®** Diabetes and insulin resistance are closely
associated with impaired mitochondrial function.®” Reduced capacity for mitochondrial FAO and or decreased mitochon-
drial number promotes diacylglycerol accumulation and PKC activation, which impairs insulin signaling and favors NF-
kB activation.*® Hyperglycemia elevates the mitochondrial membrane potential and augments free radical generation.®
ROS damage mitochondrial DNA, which lacks histone protection, leading to defective expression of oxidative phos-
phorylation enzymes and diminished substrate utilization.”” Uncoupling proteins help prevent excessive membrane
polarization and limit superoxide formation;”' overexpression in skeletal muscle can protect against diet-induced obesity
and diabetes.”” In diabetes, mitochondrial biogenesis, fusion, and mitophagy are suppressed, yielding fewer mitochondria
with fragmented, dysfunctional morphology.”® Conversely, interventions that promote biogenesis, including resveratrol
and other SIRT1 activators, improve insulin sensitivity.”* Clinical studies corroborate mitochondrial defects in diabetes.
Patients with diabetes and their offspring exhibit reduced skeletal muscle oxidative phosphorylation capacity®’ together
with downregulation of genes involved in mitochondrial function and biogenesis.”® Skeletal muscle shows decreased
mitochondrial volume and number and reduced expression of biogenesis-related genes.”® Lifestyle interventions such as
exercise and caloric restriction stimulate mitochondrial biogenesis.”” More recently, isolated resistance arterioles from
patients with diabetes demonstrated endothelial dysfunction accompanied by impaired mitochondrial biogenesis and
increased superoxide production.”® Collectively, these findings link mitochondrial dysfunction tightly to diabetes and
implicate it as a key mechanism underlying endothelial dysfunction in this setting.

Flow-Dependent Metabolic Rewiring at Atheroprone Sites

Mechanical forces are key determinants in the pathogenesis of diabetic vascular complications. Compared with straight
arterial segments exposed to laminar flow, regions subjected to disturbed flow are more prone to endothelial dysfunction
and atherosclerotic plaque formation.”” EC metabolism under flow differs markedly from that observed under static
culture conditions.'” HUVECs exposed to laminar shear exhibit enhanced mitochondrial metabolism together with
remodeling of the mitochondrial network toward elongated, tubular morphologies, largely due to increased mitochondrial
fusion.'”! Laminar shear also augments mitophagy;'®? removal of damaged mitochondria through autophagy helps create
a cellular environment that favors mitochondrial metabolism.'®> Notably, induction of mitophagy is required for
differentiation of induced pluripotent stem cells into ECs. PINKI-dependent mitophagy precedes the increase in
mitochondrial biogenesis and is accompanied by upregulation of PGC-la.'®* PGC-la itself is flow responsive.
Relative to oscillatory shear, exposure of human aortic ECs to steady, undisturbed flow elicits higher PGC-1a levels,
consistent with enhanced mitochondrial biogenesis and function.'®' In general, complex and mature mitochondrial
networks are characteristic of cells that rely more on oxidative phosphorylation. FAO, which is critical for EC identity,
supplies reducing equivalents to support OXPHOS’? and thereby sustains mitochondrial metabolism. Consistent with
this, laminar shear upregulates KLF2 and has been shown to lower glucose uptake and limit glycolysis.'®> Together, these
observations indicate that mitochondrial metabolism likely plays a more prominent role in EC energetics and homeostasis
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under physiological flow than suggested by studies performed under static conditions.'?® By contrast, ECs in regions of
disturbed flow commonly display enhanced glycolysis.'®” Whether this shift is an adaptive, atheroprotective response or
increases vulnerability remains unresolved.'®” Low shear activates the mechanotransducers YAP and TAZ, which
promote glycolysis and induce a pro-inflammatory phenotype.'®® In porcine aorta, ECs from athero-prone regions
show higher HIF-1lo, which activates a suite of glycolytic genes including PFKFB3, HK2, ENO2, and GLUT1/3.'%°
Mechanistically, disturbed flow elevates NOX4-derived ROS, which stabilizes HIF-10.""" In models of disturbed flow
using human aortic ECs, HIF-1a is likewise increased, with concomitant enhancement of glycolysis and a reduction in
mitochondrial respiratory capacity.''® Under disturbed flow, LDHA is upregulated, which can limit pyruvate entry into
the tricarboxylic acid cycle and thereby reduce OXPHOS.''” Relative to steady flow, human aortic ECs under disturbed
flow also exhibit impaired mitophagy, a highly fragmented mitochondrial network, and increased mitochondrial ROS.'**
Such fragmented networks, composed of rounded and unfused mitochondria, are typical of cells that depend primarily on
glycolysis, in line with HIF-1a-driven aerobic glycolysis under low shear. Disturbed flow further upregulates ENO1,
reinforcing the glycolytic pathway.''! These disturbed flow—induced phenotypes are pro-inflammatory and are accom-
panied by heightened TGF-B signaling and increased activity of EndMT.""" Accordingly, ECs treated with TGF-B exhibit
reduced FAO.”* Recent work also indicates that EPAS1 (endothelial PAS domain protein 1, that is HIF-2a or HIF2A)
promotes fatty acid uptake and oxidation by upregulating CD36 and LIPG, thereby sustaining EC proliferation at sites of
disturbed flow. Obesity downregulates EPAS1, predisposing these regions to atherogenesis.”' These findings further
underscore a central role for FAO in maintaining EC identity and homeostasis.”"

In the context of hemodynamic regulation of endothelial metabolism, stable laminar shear stress suppresses endothe-
lial glycolysis by upregulating KLF2, which downregulates key glycolytic enzymes such as PFKFB3, PFK1, and HK2.
This results in reduced glucose uptake and glycolytic flux, accompanied by attenuated endothelial sprouting capacity.
These findings suggest that, under an atheroprotective flow milieu, laminar shear—mediated moderate inhibition of
glycolysis contributes to maintaining a quiescent endothelial phenotype characterized by low proliferative activity and
anti-inflammatory properties.””"'*® In contrast, in the disturbed-flow model induced by partial carotid ligation in mice and
in vitro oscillatory shear experiments, endothelial PRKAA1/AMPKal is activated and upregulated, in parallel with
increased expression of GLUT1 (Slc2al) and PFKFB3 and elevated glycolytic flux. On an Apoe /~ background,
endothelial-specific Prkaal deletion leads to downregulation of glycolysis-related genes, restricted endothelial prolifera-
tion, increased apoptosis, and an augmented atherosclerotic burden. Notably, restoration of glycolysis by endothelial
overexpression of GLUT1 improves endothelial survival and barrier integrity and reduces lesion burden, supporting the
notion that AMPK-dependent enhancement of glycolysis in disturbed-flow regions exerts endothelial-protective and anti-
atherosclerotic effects.'”” During vascular repair, shear stress can promote the production of the glycolytic intermediate
dihydroxyacetone via the VEGFR2-PKCe-PFKFB3 signaling axis, thereby facilitating endothelial lumen formation and
post-injury vascular regeneration in zebrafish. Inhibition of PKCe or PFKFB3 compromises this reparative response,
whereas exogenous dihydroxyacetone partially rescues the vascular regeneration defect.''” Evidence from non-vascular
systems further indicates that a moderate increase in glycolysis under stress conditions can be cytoprotective. In
osteoarthritic cartilage and chondrocytes, downregulation of PFKFB3 is associated with reduced glycolysis, enhanced
endoplasmic reticulum stress, and increased apoptosis, whereas PFKFB3 overexpression enhances glycolysis, alleviates
endoplasmic reticulum stress, and improves cell survival.''* Taken together, along with reviews highlighting phenotypic
differences between laminar and disturbed flow, these data support a model in which moderate upregulation of AMPK-
dependent glycolysis under disturbed flow may represent a compensatory metabolic strategy that sustains energy supply
and supports proliferative repair under high mechanical stress, whereas in stable laminar-flow regions, KLF2-mediated
glycolytic repression helps preserve an anti-inflammatory quiescent state.”'5-1%7

However, when glycolysis is chronically maintained at high flux, PFKFB3-driven metabolic reprogramming may also
contribute to inflammation and disease progression. De Bock et al reported that PFKFB3 localizes to F-actin—enriched
endothelial filopodia and lamellipodia, thereby enhancing local glycolysis to support migration and tip-like endothelial
sprouting, indicating that high PFKFB3 expression tightly couples high-flux glycolysis with endothelial activation and
morphological remodeling.''* In atherosclerosis, PFKFB3 expression is elevated in vulnerable plaques from human
carotid and coronary arteries, predominantly in CD68" macrophages but also detectable in PECAM" endothelial and
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other cell types. In Ldlr /™ mice fed a high-fat diet, pharmacological inhibition of PFKFB3 with PFK158 reduces the
incidence of advanced fibrous-cap atherosclerotic plaques, decreases necrotic core size and intraplaque apoptosis, and
increases fibrous-cap thickness and the plaque stability index, suggesting that suppressing inducible glycolysis can
improve plaque architecture and stability.''> Moreover, in an LPS-induced acute lung injury model, endothelial-specific
Pfkfb3 deletion mitigates alveolar edema and inflammatory cell infiltration, reduces pulmonary vascular permeability,
and improves survival, indicating that excessive endothelial PFKFB3-dependent glycolysis under systemic inflammatory
stress exacerbates barrier disruption and organ injury, whereas moderate inhibition of this pathway is protective.''®

Taken together, current evidence supports a model in which hyperglycemia, dyslipidemia, mitochondrial dysfunction,
and disturbed flow jointly reshape endothelial metabolism and thereby promote oxidative stress, EndMT, and atherogen-
esis. Nevertheless, several aspects of this framework remain speculative or internally inconsistent. In particular, the
boundary between adaptive and maladaptive glycolysis and FAO under disturbed flow is unclear, and it is not known how
these pathways are quantitatively integrated in different vascular beds and disease stages in human diabetes. The
temporal order linking mitochondrial injury, metabolic rerouting, EndMT, and inflammatory activation also remains
unresolved. Clarifying these knowledge gaps will require longitudinal, hemodynamically informed models and human
single-cell or spatial multi-omics studies that can distinguish causal metabolic drivers from secondary or compensatory
changes.

Metabolic Control of EndMT in Atherosclerosis
Metabolic Drivers of EndMT During Atherogenesis

Glycolytic Rewiring Loss of Endothelial Identity and Plaque Progression

Atherosclerosis is the most common and clinically important macrovascular complication of diabetes. Its pathogenesis is
thought to arise from chronic inflammation and injury within the arterial wall, which drive progressive plaque
accumulation, luminal narrowing, and flow limitation.”* The core lesion is endothelial imbalance. As in the micro-
vasculature, sustained hyperglycemia perturbs signaling in large-vessel endothelium and, through ROS and inflammatory
cytokines, promotes EndMT.""” ROS activate NF-kB, amplify inflammation, and facilitate lipid retention and fatty-streak
formation, an early event in plaque development.''® Mesenchymal-like cells derived from EndMT play pivotal roles as
disease progresses. They secrete pro-inflammatory mediators and produce and deposit extracellular matrix, providing
a structural scaffold for plaques.”® Lineage tracing indicates that a substantial fraction of intimal mesenchymal cells
originates from endothelium, reaching approximately 30% in mice.”* Hyperglycemia activates multiple pathways that
cooperate to enhance TGF-P signaling, which directly drives EndMT.""” TGF-B signals through ALK5 to activate
SMAD2 and SMAD3, upregulate the transcription factors Snail, Slug, and Twist, induce EndMT, and promote
atherogenesis (Figure 2).'?° Type 2 diabetes frequently coexists with obesity and hypertension. The latter can further
amplify TGF-B signaling via SMAD pathways. TGF-B suppresses PDK4 and redirects glucose carbon toward acetate.
Acetate is converted by ACSS2 to acetyl-CoA, which acetylates ALKS and SMAD2 or SMADA4, thereby augmenting and
stabilizing TGF-B signaling and establishing a metabolic to epigenetic positive feedback loop for EndMT.”® In type 1
diabetes, endothelial PFKFB3 is upregulated. The resulting increase in glycolysis enhances lactate production, promotes
Nox1-dependent oxidative stress, and activates methylglyoxal-HIF-1a signaling, culminating in impaired endothelium-

dependent relaxation.'?!

Mechanistically, PFKFB3-driven glycolysis diverts glucose flux away from the pentose phos-
phate pathway. Cytosolic NADPH falls, and cells compensate by exporting mitochondrial reducing power through the
isocitrate to alpha-ketoglutarate shuttle. This compensation impairs mitochondrial iron—sulfur cluster biogenesis and
weakens mitochondrial respiration.'*” The resulting imbalance in energy and redox homeostasis erodes endothelial
identity, favors acquisition of mesenchymal traits, drives EndMT, and exacerbates fibrosis.'** At the epigenetic level,
EndMT-related alterations are also observed in atherosclerosis. Polycomb repressive complex 2, which catalyzes the
repressive H3K27me3 mark, is upregulated in endothelium at athero-prone sites,'*> and H3K27me3 is higher in plaque
endothelium than in plaque-free regions in humans.'** High glucose increases H3K4me3 in rat aortic endothelium,
accompanied by enrichment of Notch signaling and acquisition of mesenchymal features.'?” EZH2 is upregulated in

atherosclerotic lesions and in high-glucose—treated ECs.'?® The NF-kB-regulated microRNA miR-10a is downregulated
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Figure 2 High Glucose Induced Metabolic Regulation of EndMT in Atherosclerosis. High glucose enhances TGF-f signaling, leading to SMAD activation and subsequent
upregulation of transcription factors such as Snail, Slug, and Twist, which induce EndMT and promote atherosclerosis progression. TGF-f3 suppresses PDK4, redirecting
glucose flux toward acetate production. Acetate is converted to Ac-CoA by ACSS2, which acetylates ALK5 and SMAD, amplifying and stabilizing TGF-f signaling and forming
a metabolic-epigenetic positive feedback loop for EndMT. Upregulation of PFKFB3 enhances glycolysis, diverting glucose away from the PPP, thereby reducing cytosolic
NADPH production. To compensate, cells export mitochondrial NADPH via the isocitrate/a-KG shuttle, which in turn inhibits mitochondrial Fe-S cluster biogenesis and
impairs mitochondrial respiration. This metabolic disturbance promotes the loss of endothelial identity and acquisition of mesenchymal features, driving EndoMT. High
glucose exposure also increases H3K4me3 in endothelial cells, accompanied by Notch signaling enrichment and mesenchymal phenotypic transition. Furthermore, EZH2 is
upregulated in atherosclerotic lesions and in endothelial cells under high glucose conditions.

Abbreviations: TGF-B, transforming growth factor-beta; SMAD, small mothers against decapentaplegic; EndMT, endothelial-to-mesenchymal transition; PDK4, pyruvate
dehydrogenase kinase 4; ACSS2, acyl-CoA synthetase short-chain family member 2; Ac-CoA, acetyl-CoA; ALKS5, activin receptor-like kinase 5; PFKFB3, 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase 3; PPP, pentose phosphate pathway; NADPH, nicotinamide adenine dinucleotide phosphate (reduced form); a-KG, alpha-ketoglutarate;
Fe-S, iron—sulfur; H3K4me3, trimethylation of histone H3 at lysine 4; EZH2, enhancer of zeste homolog 2.

in endothelium from vulnerable regions, and low serum levels associate with human atherosclerosis.'*’ Although direct
epigenetic proof linking EndMT to atherosclerosis remains incomplete, these changes align closely with EndMT
pathways. For example, miR-126, which regulates EndMT in cardiac fibrosis, also modulates atherogenesis in coronary
and aortic endothelium. miR-126 suppresses vascular cell adhesion molecule 1 (VCAM-1), a key adhesion molecule that
cooperates with inflammatory mediators to drive lesion formation.'?® It is important to note that atherosclerosis is not
confined to diabetes, yet clarifying the roles of EndMT may yield new therapeutic avenues for this prevalent disease.

FAO and Acetyl-CoA Signaling Restraining TGF-$3 Driven EndMT

An increasing body of work links cell fate to intracellular metabolism, although the precise connections remain to be
fully defined. EndMT appears to have a metabolic basis.”* In vitro, TGF-B1 induction of EndMT decreases mitochon-
drial FAO. A defining early feature is rapid downregulation of CPT1A. CPT1A resides on the outer mitochondrial
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membrane and is the rate-limiting enzyme for long-chain fatty acid B-oxidation.'?’ Cytokine-induced EndMT lowers
acetyl-CoA levels. Modulating acetyl-CoA is causal. Acetate supplementation suppresses TGF-B-induced EndMT,
whereas pharmacologic depletion promotes it. Acetyl-CoA influences EndMT susceptibility through post-translational
regulation of SMAD?7, a potent inhibitor of TGF-B signaling.'** FAO-derived acetyl-CoA is required for SMAD7
acetylation and stability, thereby restraining TGF- signaling. Notably, although FAO inhibition would be expected to
primarily affect mitochondrial acetyl-CoA, it is cytosolic acetyl-CoA that determines cell-fate transitions. These
acetyl-CoA pools are not in equilibrium, and growing evidence indicates tight spatial and temporal control of acetyl-
CoA actions."** In mice, genetic disruption of endothelial FAO increases the contribution of EndMT during mitral
valve development, suggesting that targeting endothelial metabolism may offer a therapeutic strategy to modulate
EndMT.”? Overall, plastic changes in endothelial identity are accompanied by profound metabolic rewiring.
Acquisition of mesenchymal features appears to align with a low-energy state or with a shift in which high-energy
metabolism is no longer required and may be compensated by alternative pathways. Fatty acid f-oxidation is the most
energy-yielding catabolic route and is a dominant source of ATP in high-demand cells such as cardiomyocytes and

renal tubular epithelium.'?'

Crosstalk Between Glucose Metabolism, FAO and Hemodynamic Cues in Endothelial Metabolic
Reprogramming and EndMT

Current evidence indicates that in diabetes and related vascular pathologies, endothelial cell metabolism is jointly shaped
by hyperglycemia and hemodynamic forces. High glucose can induce mitochondrial fission and increase ROS production
through ROCK 1-mediated mitochondrial translocation of Drpl, whereas inhibition of mitochondrial fission attenuates
excessive ROS under high-glucose conditions.'**'** Steady laminar shear stress upregulates endothelial KLF2, sup-
presses the expression of key glycolytic enzymes such as PFKFB3, reduces glucose uptake and glycolytic flux, and is
accompanied by a decrease in mitochondrial content, thereby promoting a quiescent phenotype characterized by low
glycolysis.'®® In contrast, disturbed flow stabilizes HIF-1a via NOX4-derived ROS, upregulates genes such as GLUTI,
HK2 and PDK1, shifts endothelial cells towards a state of high glycolysis with suppressed mitochondrial respiration, and
is accompanied by increased expression of inflammation-related genes.''® In quiescent microvascular endothelial cells,
fatty acid B-oxidation (FAO) flux is markedly higher than in the proliferative state, and its main function is to maintain
redox homeostasis by supporting the tricarboxylic acid (TCA) cycle and NADPH regeneration; endothelial-specific
Cptla deletion or pharmacological inhibition of FAO leads to increased ROS and barrier disruption, whereas supple-
mentation with acetate (to generate acetyl-CoA) can partially restore endothelial function.’” On the other hand, PFKFB3-
driven glycolysis can hijack the pentose phosphate pathway to lower cytosolic NADPH and export mitochondrial
NADPH through the isocitrate/a-ketoglutarate shuttle, thereby impairing mitochondrial iron—sulfur clusters and respira-
tory chain function and promoting EndMT and cardiac fibrosis.'** Preclinical studies have shown that in type 1 diabetes
(T1D) mice, endothelial PFKFB3 and Nox1 expression is increased and glycolysis is enhanced, which is associated with
impaired endothelium-dependent vasorelaxation; inhibition of PFKFB3 or Nox1 improves vasorelaxation.'?' In periph-
eral artery disease and ischemia models, miR-93 enhances G6PD-mediated pentose phosphate pathway activity, increases
NADPH and reduces ROS, and, compared with VEGF treatment that solely augments PFKFB3-dependent glycolysis, is
more effective at improving local blood flow and vascular permeability.'**

In addition, TGFB-induced EndMT can downregulate PDK4 and increase ACSS2-dependent acetyl-CoA produc-
tion, which promotes acetylation of ALKS5 and SMAD2/4 and sustains TGFp signaling, thereby exacerbating
vascular fibrosis.”® In mice with endothelial-specific Cpt2 deletion, FAO is impaired and acetyl-CoA levels are
reduced, accompanied by excessive valvular EndMT during embryogenesis and increased microvascular perme-
ability in multiple adult organs, indicating that the endothelial FAO—-acetyl-CoA axis is critical for maintaining
endothelial lineage and barrier function.”” Overall, these studies at multiple levels support the important roles of
hemodynamic status, glucose metabolism, FAO and acetyl-CoA regulation in EndMT and vascular inflammation, but
their specific contributions to diabetic vascular complications still need to be further validated in dedicated disease
models.
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EndMT in Plaque Growth Instability and Remodeling

EndMT is a highly dynamic and complex process in which ECs acquire mesenchymal-like features, such as those of
myofibroblasts and vascular smooth muscle cells, accompanied by marked molecular and phenotypic reprogramming. '’
Single-cell RNA sequencing has identified endothelial subpopulations expressing mesenchymal markers within human
and murine atherosclerotic plaques.'*® These studies indicate that EndMT does not occur as a binary switch but spans
a continuum, with a proportion of cells occupying intermediate states that co-express endothelial and mesenchymal
markers.'*” Although EndMT is frequently observed in diabetes-related complications, its mechanistic roles in diabetes-
associated atherosclerosis remain underexplored.’ In type 2 diabetes models, including db/db mice and aortas from
patients with diabetes, co-expression of CD31 and a-SMA has been observed together with upregulation of the
transcription factors SLUG, TWIST, and SNAIL."*® Kriippel-like factor 7 (KLF7) has been validated as a target of
miR-132-3p and contributes to high-glucose-induced EndMT; overexpression of miR-132-3p in human ECs lowers
KLF7 and mitigates EndMT."** Additional transcriptional regulators, including SMAD2, SMAD3, Rho-associated kinase
1, and serum response factor, modulate mesenchymal marker expression during EndMT."*° In vitro high-glucose models
using human ECs further implicate multiple signaling pathways and transcription factors in driving EndMT, including
SMAD signaling, angiotensin II, endothelin-1, PARP1, and extracellular signal-regulated kinase.'*' These findings
underscore the therapeutic potential of targeting EndMT-related pathways in diabetic atherosclerosis. For example,
inhibition of TGF-f signaling, a central driver of EndMT, using endothelial-specific small interfering RNA delivered
by lipid nanoparticles suppresses EndMT and reverses atherosclerosis in preclinical models.'*? Epigenetic mechanisms,
such as DNA methylation and histone modifications, are also closely linked to EndMT.'** In mice, endothelial-specific
deletion of Hdac9 reduces EndMT, decreases lesion area, and enhances plaque stability.'**

In vascular pathologies such as diabetes and atherosclerosis, endothelial cells undergo not only metabolic reprogram-
ming but also EndMT. Accumulating evidence indicates that the metabolic milieu and inflammatory signaling are tightly
intertwined during this process.'*> 7 In diabetes-related settings, human aortic endothelial cells and retinal microvas-
cular endothelial cells exposed to hyperglycemia or advanced glycation end products (AGEs) exhibit downregulation of
endothelial markers, upregulation of mesenchymal markers, and a morphological shift toward a fibroblast-like pheno-
type. Mechanistically, hyperglycemia-induced changes appear to be partially dependent on local angiotensin II signaling,
and glycated bovine serum albumin (AGE-BSA) can directly trigger EndMT in vitro."*” "% These observations suggest
that, within a diabetic microenvironment, metabolic and stress-associated cues are sufficient to elicit EndMT-like
phenotypic remodeling before overt structural fibrosis becomes apparent; however, the precise temporal ordering and
causal hierarchy of these events along disease trajectories remain to be defined with higher resolution.

From a metabolic standpoint, endothelial FAO and acetyl-CoA metabolism have been identified as key modulators of
TGF-B—driven EndMT. Suppression of endothelial FAO reduces intracellular acetyl-CoA availability and histone
acetylation, thereby potentiating TGF-pf—induced EndMT, whereas restoration of FAO or supplementation with acetate/
acetyl-CoA can partially reverse this program.72 In models of diabetic nephropathy, upregulation of ACSS2-mediated
acetyl-CoA production correlates with enhanced EndMT and aggravated renal interstitial fibrosis; pharmacological
inhibition of ACSS2 (including treatment with asiatic acid) reduces EndMT marker expression and ameliorates renal
fibrotic remodeling, providing experimental support for a causal link between discrete metabolic nodes and EndMT
outputs.'® Collectively, these findings support the concept that diabetes-associated metabolic reprogramming can tune
the intensity of profibrotic signaling (eg, TGF-P) by reshaping acetyl-CoA supply and the histone acetylation landscape,
although current evidence remains insufficient to conclude that this axis is universally required across all diabetic
vascular injury contexts.’%!4%:147.150

In atherosclerosis, histological analyses of human coronary plaques and lineage-tracing studies in Apoe / mice have
identified lesion-resident cells of endothelial origin that co-express endothelial and mesenchymal markers. The abun-
dance of these transitional populations correlates with features of plaque vulnerability, including expansion of the
necrotic core and reduced fibrous-cap collagen content.”® In high-fat diet—challenged Apoe /~ mice, endothelial down-
regulation of FGFR1 and concomitant enhancement of TGF-B signaling increase the fraction of endothelial-derived
mesenchymal-like cells and exacerbate plaque burden and inflammation. Conversely, preservation of FGF signaling or
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endothelial inhibition of the TGF-p pathway attenuates EndMT and slows disease progression; notably, endothelial TGF-
B blockade has also been associated with partial regression of established lesions.”*’> In addition, the gut microbiota—
derived metabolite trimethylamine N-oxide (TMAO) has been shown to activate the endoplasmic reticulum stress PERK
pathway in atherosclerotic models and in cultured endothelial cells, thereby promoting EndMT and endothelial apoptosis;
PERK inhibition mitigates EndMT and reduces plaque burden, implying the existence of an actionable positive-feedback
loop linking metabolic signaling, ER stress, and phenotypic transition.'>'

Current studies indicate that diabetes related alterations in glycolysis, FAO and acetyl-CoA metabolism appear to
reshape endothelial sensitivity to TGF-§ and other stress signals, thereby influencing plaque growth and stability. At the
same time, several key issues remain unclear. The actual proportion of EndMT derived cells at different stages and in
different plaque phenotypes of diabetic atherosclerosis, and whether their role is closer to that of a driver or a bystander,
still depends strongly on context and requires systematic quantification. Most evidence for the FAO/acetyl-CoA/TGF-f
axis comes from developmental and renal disease models, and its general relevance to diabetic large artery disease in
humans has not yet been rigorously established. Studies on glycolytic rewiring also show some tension. In certain
disturbed flow settings, enhanced endothelial glycolysis appears to support repair, whereas in the setting of sustained high
flux driven by PFKFB3 it is associated with aggravated inflammation and fibrosis. The temporal order and reversibility of
metabolic changes and EndMT within human plaques, as well as the feasibility of safely and effectively targeting these
pathways in vivo, remain important knowledge gaps for future work.

Inflammatory Metabolic Reprogramming in Diabetic Atherosclerosis
Chronic low-grade inflammation is a major driver of the onset and progression of diabetes. Hyperglycemia activates
multiple signaling pathways and pro-inflammatory mediators, culminating in endothelial dysfunction. First, hyperglyce-
mia can trigger the noncanonical NF-kB pathway and stimulate the production of cytokines and chemokines, which both
amplify inflammation and impair pancreatic beta cell function.'>* Early studies established central roles for NF-kB, TNF-
a, and interleukin 6 (IL-6) in diabetic endothelial inflammation.'>* TNF-a activates key nodes in inflammatory signaling
such as ¢ Jun N terminal kinase (JNK) and IkB kinase p (IKK).'>* Intracellularly, high glucose promotes the formation
of AGEs, which engage their receptor RAGE (AGER) and initiate downstream signaling.'>> AGE-RAGE signaling
upregulates VCAM-1, macrophage inflammatory protein 1 (MIP-1), matrix metalloproteinase 9 (MMP?9), interleukin 1
(IL-1B), and TNF-a, thereby fostering leukocyte adhesion and vascular inflammation.'*® In patients with diabetes,
hyperglycemia induces glycation of serum albumin to form AGE-HSA, which drives macrophage secretion of
C-C chemokine ligand 5 (CCLS5) and IL-8, worsening inflammation. Inflammatory mediators in turn raise AGE-HSA
levels, creating a vicious cycle.'>’ Hyperglycemia also promotes inflammation at the transcriptional level. Partial
inhibition of the transcription factor STAT1 increases expression of pro-inflammatory genes such as CCL5, CXCL10,
and ICAM-1 and biases tumor necrosis factor like weak inducer of apoptosis (TWEAK) toward pro atherogenic
effects.'*® Zhu et al showed that high glucose activates the mechanosensitive ion channel Piezol, which upregulates
inflammatory genes including IL-1pB, enhances the procoagulant actions of platelets, erythrocytes, and neutrophils,
increases thrombosis under mechanical stress, and under disturbed flow promotes NF-kB activation and
atherosclerosis.'*”'®® ECs can also regulate a nonclassical monocyte subset that is considered atheroprotective in early
atherogenesis through a CD36 independent mechanism.'®' In diabetes, hyperglycemia and hyperlipidemia downregulate
the aortic endothelial transcription factor TFEB, weakening its anti-inflammatory capacity to restrain NF-xB through
IKK inhibition and IxkBa upregulation.'®* Transcriptomic analyses indicate that lipid related damage associated molecular
patterns (DAMPs), such as lysophospholipids, can drive human aortic ECs toward an innate immune like state.
Lysophosphatidylcholine (LPC) upregulates genes involved in cholesterol biosynthesis, likely via sterol regulatory
element binding protein 2 (SREBP2), and activates the NLRP3 inflammasome.'®® Lysophosphatidylinositol (LPI)
promotes transcriptional programs linked to carbohydrate, lipid, and amino acid metabolism. Both LPC and LPI induce
endothelial activation markers, including adhesion molecules, cytokines, and chemokines, and promote endothelial
transdifferentiation accompanied by increased expression of potent DAMP receptors such as CD36, immune checkpoint
molecules, and MHC class II proteins.
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Targeting Endothelial Metabolism in Atherosclerosis

Accumulating evidence indicates that cell fate and metabolic reprogramming are tightly coupled during atherogenesis.
ECs deploy specific metabolic pathways to adapt to microenvironmental change and to meet functional demands in
quiescent or activated states. These adaptations influence disease trajectory, suggesting that pharmacologic modulators of
cellular metabolism may confer benefit under defined pathologic conditions. Table 1 summarizes recent agents that target
endothelial metabolism and their effects on atherosclerosis.

Metabolic Drugs and Endothelial Reprogramming in Atherosclerosis

Suppressing endothelial glycolytic flux improves atherosclerotic outcomes. Perrotta et al showed that the glycolytic flux
inhibitor 3PO (3-[3-pyridinyl]-1-[4-pyridinyl]-2-propen-1-one) reduced plaque burden and endothelial VCAM-1 expres-
sion in ApoE™" mice and improved cardiac function.'®* Glycolysis driven by PFKFB3 is a key driver of endothelial
activation and inflammation. Compared with stable fibrous plaques, vulnerable human carotid plaques exhibit higher
PFKFB3 expression that localizes predominantly to endothelium, and the glycolysis inhibitor PFK158 lowered the
incidence of fibrous cap atheroma in Ldlr "~ mice.'"® Endothelial specific deletion of PFKFB3 reduced vein graft lesion
area and thickness by 35% and 32%, respectively, and decreased stenosis by 23%, supporting endothelial glycolysis
inhibition as a potential strategy to slow plaque progression.'”® Targeting HIF-lo signaling is also promising. In
hyperlipidemia, unsaturated lysophosphatidic acid derived from mildly oxidized LDL increases endothelial HIF-1a,
which triggers miR-19a dependent CXCL1 expression and monocyte adhesion, thereby promoting atherosclerosis.'”"
Endothelial Hifla deletion in ApoE ™~ mice reduced lesion formation, lesional macrophage accumulation, and endothelial
CXCL1 expression.'”! Consistently, the selective HIF-1a inhibitor PX-478 decreased aortic plaque burden in AAV-
PCSK9 treated C57BL or ApoE '~ mice. RNA sequencing indicated upregulation of fatty acid and lipid catabolic
pathways and downregulation of lipid biosynthesis and lipoprotein particle remodeling.'®> Activation of the NRF2
antioxidant program counteracts endothelial inflammation. Endothelial Nrf2 knockdown increases endothelial activation
and lipid peroxidation and accelerates atherosclerosis, whereas endothelial Nrf2 activation restrains disease.'’? Dimethyl
fumarate, an NRF2 activator, significantly reduced aortic atherosclerotic area.'®” Mitochondria targeted approaches
improve endothelial function and limit disease progression. Metformin, a widely used antidiabetic agent, reduced
mitochondrial fragmentation, decreased mitochondrial superoxide production, improved endothelium-dependent vasodi-
lation, and suppressed vascular inflammation, thereby attenuating diabetes accelerated atherosclerosis.'®® MitoTEMPO
inhibited endothelial activation and monocyte recruitment, demonstrating therapeutic potential in atherosclerosis
models.'®® MITO-ESC therapy increased oxygen consumption rate and improved mitochondrial function in late passage
human aortic ECs, mitigating features of vascular aging and atherosclerosis.'® Regarding SGLT2 inhibitors, several

Table | Therapeutic Interventions Targeting Mitochondrial Function and Metabolic Pathways to Attenuate Atherosclerosis

Intervention | Model Main Effect Reference
3PO ApoE ™" mice Reduces plaque formation and endothelial VCAM-I expression, thereby improving cardiac | [164]
function
PFK158 LdIr " mice Lowers the incidence of fibrous-cap atheroma and promotes plaque stability [I15]
PX-478 AAV-PCSK9 and Upregulates fatty-acid and lipid catabolic pathways, downregulates lipid biosynthesis and [165]
ApoEfl* mice plasma lipoprotein particle remodeling, and reduces atherosclerotic plaque burden in the
aortic tree
Metformin ApoE ™" mice Reduces mitochondrial fragmentation and mitochondrial superoxide release, improves [166]

endothelium-dependent vasodilation, and suppresses vascular inflammation, thereby

attenuating diabetes-accelerated atherosclerosis

Dimethyl ApoE ™" mice Activates NRF2 and significantly reduces aortic atherosclerotic area [167]
fumarate

MitoTEMPO Human aortic ECs | Inhibits hyperlipidemia-induced endothelial activation and subsequent monocyte recruitment | [168]
MITO-ESC ApoE ™" mice Improves mitochondrial function in late-passage HAECs to mitigate aging-related [169]

atherosclerosis
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studies have directly linked endothelial energy-metabolic reprogramming to plaque amelioration in atherosclerosis
models. For example, in ApoE '~ mice, dapagliflozin was reported to activate NRF2 and GPX4 via RAP1B, thereby
promoting mitochondrial biogenesis and enhancing oxidative phosphorylation in endothelial cells; this attenuated
ferroptosis-associated endothelial phenotypes and reduced plaque formation.'”® In male ApoE " mice fed a high-fat
Western diet, hematoxylin—eosin staining-based assessments showed that empagliflozin treatment decreased both lesion
area and lesion size.'”* Mechanistically, empaglifiozin induced autophagy through AMPK signaling, evidenced by
increased Beclinl expression, an elevated LC3B-II/I ratio, and higher p-AMPK levels, alongside reduced P62 expression
and lower levels of inflammatory cytokine proteins; it also suppressed foam-cell formation in RAW264.7 macrophages
and HASMCs.'”

The principal anti-atherosclerotic benefit of PCSK9 inhibitors is generally attributed to their potent LDL-lowering
effect. In individuals at high cardiovascular risk, short-term evolocumab therapy has been shown to improve endothelial
function, with the magnitude of improvement proportional to the reduction in LDL."”> In patients with type 2 diabetes,
adding evolocumab on top of background empagliflozin therapy further enhanced endothelial function.'”® Moreover, in
an oxLDL-induced endothelial pyroptosis model, PCSK9 overexpression promoted mitochondrial dysfunction, increased
ROS production, and exacerbated pyroptosis by suppressing UQCRC1, whereas PCSKO9 silencing reversed mitochondrial

membrane potential loss and mitochondrial injury.'””

Endothelium-Selective Delivery Platforms for Metabolic and Inflammatory Targets
An HA-modified, dual-targeting nanodrug delivery system (HA-ML@ES NPs) was engineered to co-encapsulate
shikonin and evolocumab. Leveraging the specific interaction between HA and CD44, the nanoparticles can concurrently
home to endothelial cells with dysfunction and inflammatory macrophages, enabling coordinated intervention across key
pathogenic cellular subsets within lesions.'”® In a human HUVEC-macrophage co-culture model, this formulation
exhibited clear dual-cell targeted uptake, and in vivo it showed prolonged blood circulation and robust enrichment
within atherosclerotic plaques—providing a favorable pharmacokinetic and biodistribution basis for localized therapeutic
activity.'”® In a hyperhomocysteinemia-associated early atherosclerosis model, the strategy mitigated endothelial meta-
bolic imbalance and dysfunction by suppressing endothelial glycolysis, while simultaneously promoting cholesterol
efflux and restoring lipid homeostasis through macrophage phenotypic modulation, thereby collectively slowing athero-
sclerosis progression.'”®

Separately, cationic liposomes functionalized with a VCAM1-binding peptide were developed to deliver methylated
NLRP3 siRNA. Under inflammatory conditions, this platform preferentially targets VCAMI-high endothelial cells,
improving cell-type specificity and reducing off-target effects.'”® In a rat carotid partial ligation model, local adminis-
tration markedly reduced endothelial NLRP3 levels and attenuated TNFa-induced pro-atherogenic LDL deposition
within the endothelial layer, suggesting disruption of endothelial inflammation—linked pathways that facilitate early

179
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transendothelial lipid entry into the vessel wal Moreover, intravenous delivery in ApoE™”~ mice decreased plaque

formation, supporting a direct anti-atherosclerotic benefit of endothelial-targeted inhibition of the NLRP3 axis in limiting

lipid infiltration and lesion expansion.'”’

Conclusion and Future Direction

Diabetes is a common metabolic disease with a markedly elevated risk of cardiovascular complications, among which
atherosclerosis is the principal pathological substrate. Metabolic derangements including hyperglycemia, insulin resis-
tance, and dyslipidemia drive endothelial dysfunction characterized by impaired endothelium-dependent vasodilation and
heightened pro-inflammatory and pro-thrombotic states. These abnormalities not only mark the early stages of ather-
ogenesis but also contribute to plaque progression and clinical events. Within the diabetic milieu, ECs undergo multi-
faceted metabolic reprogramming. Disordered glucose metabolism increases oxidative stress and disrupts signaling,
promotes the accumulation of AGEs, and activates inflammatory pathways. In lipid metabolism, FAO is essential for
endothelial homeostasis and angiogenesis; its impairment reduces antioxidant capacity and destabilizes endothelial
phenotype. Mitochondrial dysfunction is widespread in diabetes, with reduced biogenesis, fragmented networks, and
disturbed redox balance that further exacerbate endothelial injury. Hemodynamic forces also shape metabolic programs.
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Steady laminar shear favors mitochondrial metabolism and preserves function, whereas disturbed flow enhances
glycolysis, suppresses oxidative phosphorylation, and promotes a pro-inflammatory phenotype. Metabolic reprogram-
ming is closely intertwined with EndMT. Hyperglycemia, oxidative stress, and multiple signaling axes promote loss of
endothelial identity and acquisition of mesenchymal traits, accelerating plaque formation and growth. Shifts in glycolysis
and FAO alter cellular energy and metabolite availability, thereby modulating key signaling nodes and epigenetic states.
In parallel, inflammation is both a driver and a consequence of these changes, creating positive feedback between
metabolic imbalance and endothelial activation. Therapeutically, targeting endothelial metabolism shows promise in
experimental models. Strategies that inhibit glycolysis, modulate HIF-1a, activate NRF2, or restore mitochondrial
function improve endothelial performance, dampen vascular inflammation, and reduce atherosclerotic burden in animals.
From a translational perspective, approaches that leverage endothelial metabolic reprogramming while building on drugs
already used in cardiometabolic care, such as metformin, SGLT2 inhibitors, and PCSK9 inhibitors, are likely to be the
most immediately applicable in clinical practice. In contrast, more direct targeting of endothelial metabolism, for
example by inhibiting inducible glycolysis at nodes such as PFKFB3, modulating the FAO—acetyl-CoA-TGF- axis
that links metabolism to EndMT, or strengthening mitochondrial redox and quality-control programs via NRF2 and
mitophagy, remains at an earlier stage but points to particularly attractive targets for future drug development. Important
knowledge gaps include the lack of robust in vivo biomarkers of endothelial metabolic and EndMT states, limited insight
into how sex, age, vascular bed, and cardiometabolic comorbidities shape endothelial metabolic responses to diabetes,
and uncertainty about the reversibility and therapeutic window of manipulating these pathways in established human
disease. Progress will also depend on endothelium-focused delivery platforms that can concentrate small molecules,
nucleic acids, or biologics within the vascular lining, for example ligand- or antibody-guided nanoparticles directed to
adhesion molecules or matrix components enriched at high-risk sites, while minimizing off-target exposure. Meanwhile,
future studies could leverage single-cell sequencing to systematically delineate endothelial subpopulations and state
transitions within diabetic and atherosclerotic lesions, and to track differences in metabolism-related pathways within
a lineage framework, with particular attention to alterations in lipid metabolism and FAO accompanying phenotypic
transitions such as EndMT, thereby providing a basis for subpopulation-specific prioritization of metabolic targets.
Spatial transcriptomics is expected to precisely map these endothelial states to distinct plaque structural units or the local
microenvironments of specific vascular beds, helping to explain the spatial coupling between metabolic reprogramming
and inflammation, barrier dysfunction, and lesion instability. Furthermore, integration with spatial proteomics or spatial
metabolomics could enable in situ validation of metabolic alterations and facilitate assessment of regional and organ-
specific differences in the efficacy of metabolic interventions.
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