
Academic Editor: Elena Grossini

Received: 30 January 2026

Revised: 7 March 2026

Accepted: 12 March 2026

Published: 14 March 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

Hyperglycemia-Induced Endothelial Dysfunction: From
Classical Pathogenetic Mechanisms to Emerging Insights into
ACE2 Protective Action
Giada Lodi 1 , Domenico Sergi 2 , Anna Dipinto 3, Francesca Bompan 3 , Paola Secchiero 1, Rebecca Voltan 3

and Arianna Romani 1,*

1 Department of Translational Medicine and LTTA Centre, University of Ferrara, 44121 Ferrara, Italy;
giada.lodi@unife.it (G.L.); paola.secchiero@unife.it (P.S.)

2 Department of Translational Medicine, University of Ferrara, 44121 Ferrara, Italy; domenico.sergi@unife.it
3 Department of Environmental and Prevention Sciences and LTTA Centre, University of Ferrara,

44121 Ferrara, Italy; anna.dipinto@unife.it (A.D.); francesca.bompan@unife.it (F.B.);
rebecca.voltan@unife.it (R.V.)

* Correspondence: arianna.romani@unife.it; Tel.: +39-0532-455837

Abstract

Diabetes is a pivotal risk factor for cardiovascular disease as well as microvascular compli-
cations, including retinopathy and nephropathy. Chronic hyperglycemia is a key player in
linking diabetes with endothelial dysfunction which, in turn, contributes to cardiovascular
disease. Indeed, hyperglycemia acts as a trigger for endothelial dysfunction, promoting
a shift in the endothelium from a protective, anti-inflammatory state to a dysfunctional,
injury-prone phenotype. A hyperglycemic environment triggers several pathogenetic
mechanisms, including alterations in bioenergetics, production of advanced glycation end
products, oxidative stress and mitochondrial dysfunction, all contributing to endothelial
dysfunction. The activation of these pathophysiological mechanisms by hyperglycemia cul-
minates in reduced nitric oxide production, as well as the induction of oxidative stress and
inflammation, all of which are pivotal in impairing endothelial homeostasis and promoting
cellular damage. Besides these classical mechanisms, there is growing attention on novel
pathogenetic factors linking diabetic hyperglycemia with endothelial dysfunction, such
as the ACE2 protein. The latter is emergeing for its potential to counter hyperglycemia-
induced cellular damage through its vasoprotective and anti-inflammatory actions, making
it a promising therapeutic target for tackling endothelial dysfunction. This review provides
an overview of classical as well as emerging mechanisms underpinning the deleterious
effects of diabetic hyperglycemia on endothelial dysfunction. In turn, understanding the
molecular interconnections between hyperglycemia and endothelial dysfunction is crucial
for developing novel strategies to restore endothelial homeostasis and mitigate diabetic
vascular complications.
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1. Introduction
Diabetes mellitus (DM) is a metabolic disorder characterized by chronic hyperglycemia

which develops as a consequence of an absolute insulin deficiency or insulin resistance.
While the first represents the pathogenetic basis of type 1 (T1DM), the latter underpins the
onset of type 2 diabetes mellitus (T2DM). The prevalence of diabetes has reached epidemic
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proportions in developed and, increasingly, in developing countries [1]. Most importantly,
the diabetes epidemic is still on the rise with 1.31 billion people expected to suffer from
diabetes by 2050 [2]. This diabetes epidemic is driven by the alarming rise in the cases
of T2DM which represents 90% of all cases of diabetes and is a direct consequence of the
upsurge in the prevalence of obesity. Nevertheless, the incidence of T1DM is also increasing
in parallel with T2DM [3]. The unsustainable health and economic burden of diabetes
strives from its global epidemic proportions as well as the life-threatening consequences of
these metabolic disorders. Indeed, diabetes must not be regarded merely as a disruption
of glucose, lipid, and protein metabolism; instead, it represents a pivotal risk factor for
a plethora of comorbidities, including microvascular complications, cardiovascular disease
(CVD), several types of cancer, kidney and neurodegenerative diseases [4–9].

CVD is a prominent comorbidity of diabetes, given the fact that it represents the
primary cause of death worldwide [10] and the leading cause of mortality among indi-
viduals living with T1DM and T2DM [11,12]. The defective metabolic control typical of
diabetes and particularly related to glucose and lipid metabolism is a key driver of its
micro- and macrovascular complications which, in turn, underlay the development of
CVD, nephropathy and retinopathy. In particular, hyperglycemia, along with diabetic
dyslipidemia, negatively impacts the micro- and macrovasculature, thereby contributing to
the pathogenesis of atherosclerosis and CVD [13,14].

Microvascular endothelial cell dysfunction mainly compromises retinal and glomeru-
lar endothelial cells of diabetic patients. This causes glomerular and retinal endothelial
barrier breakdown, compromising their function [15]. Microvascular disorders have been
reported to occur before diabetes diagnosis, and they might increase the risk for CVD. Even
if no clear data explaining this association are available, clinical evidence supporting this
relationship is available and has been revised by Yu and colleagues [16].

Hyperglycemia is able to trigger a wide array of mechanisms, ranging from inflamma-
tion to oxidative stress and defective mitochondrial dynamics [17], which culminate with
the onset of endothelial dysfunction.

In agreement with this, endothelial dysfunction can discriminate individuals at higher
vascular risk, constitute an early indicator and a key pathogenetic trigger for the on-
set of atherosclerosis or microvascular dysfunction. Thus, targeting the mechanisms by
which hyperglycemia induces endothelial dysfunction represents a promising approach
for preventing CVD. In light of this, this review aims to provide an updated overview of
classical and emerging molecular mechanisms underlying the effects of hyperglycemia on
endothelial dysfunction.

2. Endothelial Dysfunction and Vascular Disease
The endothelium is a semipermeable barrier made up of a single-cell monolayer that

lines the entire vasculature and is responsible for the exchange of nutrients, metabolites,
and fluids between the blood and tissues [18]. However, this definition of endothelium
is all but comprehensive. Indeed, the endothelium is also involved in preventing clot
formation and acts as a source of bioactive molecules, including vasoconstrictors, vasodila-
tors, and regulators of thrombosis and inflammation [19]. These mediators, in turn, are
responsible for regulating vessel tone, platelet activation, vascular smooth muscle cell
proliferation and leukocyte adhesion [20]. A pivotal driver of endothelial function is ni-
tric oxide (NO), which is synthesized by endothelial nitric oxide synthase (eNOS). NO
exerts vasodilatory, anti-thrombotic, and anti-inflammatory effects, which are all pivotal
for maintaining vascular homeostasis [21]. Maintaining endothelial health is crucial in
sustaining vascular homeostasis. It translates that endothelial dysfunction, defined as
any pathophysiological changes that negatively impact the vasoprotective function of the
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endothelium, hampers vascular health, paving the way for the development of vascular
complications of diabetes, including CVD [17,20,22,23]. Defective endothelial function is
not intended as a single pathological state but rather a spectrum of phenotypes associated
with heterogeneous pathophysiological alterations, including altered vascular tone, perme-
ability, inflammation, and de-differentiation, leading to the loss of endothelial homeostatic
functions [18,24]. The activation of these mechanisms, in turn, represents the basis for the
development of atherosclerosis, driven by impaired vasoregulation and unresolved chronic
inflammation [19]. Indeed, the endothelium not only has a pivotal role in atherosclero-
sis initiation, but also in plaque progression. Hyperglycemia, along with other insults
reviewed elsewhere [25,26], represents a crucial player in triggering the pathophysiological
mechanisms underpinning endothelial dysfunction and endothelial cell activation.

Endothelial cells, upon activation, express a variety of molecules like ICAM, VCAM,
E- and P-selectin, which promote the attraction and adhesion of neutrophils and mono-
cytes that penetrate the arterial wall [27]. Subsequently, monocytes differentiate into
macrophages within the arterial wall and start accumulating lipids, particularly by scav-
enging oxidized low-density lipoproteins (oxLDL), to become foam cells, which in turn,
initiate the formation of atherosclerotic plaque. Excessive accumulation of foam cells
forms a necrotic core in atherosclerotic plaque, increasing the risk for vascular rupture [28]
(Figure 1A). At the same time, the infiltration of immune cells into the arterial vessel also
fuels vascular inflammation through direct secretion of TNF-α and IL-1β and stimulation
of endothelial cells to release pro-inflammatory mediators, such as IL-6 [27,29,30].

 

Figure 1. Mechanisms of endothelial activation and dysfunction under hyperglycemic conditions.
(A) Hyperglycemia induces endothelial activation in the blood vessel lumen, where elevated glucose
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and LDL levels cause a crucial reduction in bioavailable in NO produced by eNOS, and the expression
of adhesion molecules on endothelial cells, including E-selectin, P-selectin, VCAM-1, and ICAM-1/2.
These processes lead to increased monocyte adhesion and transmigration into the subendothelial
intima space. These cells accumulate cholesterol to transform into foam cells, setting the scene for the
development of atherosclerotic plaques. (B) Schematic representation of intracellular mechanisms
contributing to endothelial dysfunction. Hyperglycemia induces eNOS uncoupling, thereby reducing
NO production by increasing superoxide generation. Mitochondrial overproduction of ROS acts as
a signaling mechanism that enhances (↑) protein kinase C (PKC) activation that causes endothelial
activation and inflammation. AGEs bind to their receptor, RAGE, inducing a pro-inflammatory
state through the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB)
signaling. This cascade drives the expression of pro-inflammatory cytokines, adhesion molecules
(VCAM-1, ICAM-1/2), and a positive feedback loop that increases RAGE expression. Created in
BioRender. Lodi, G. (2026) https://BioRender.com/65untio (accessed on 11 March 2026).

3. Hyperglycemia and Endothelial Dysfunction
High glucose levels are considered as a pivotal driver of endothelial dysfunc-

tion [17,31], with this paradigm supported by cell and animal studies as well as
clinical evidence.

In diabetic individuals, hyperglycemia is associated with abnormal endothelial mor-
phology, as indicated by increased corneal thickness, enlarged endothelial cells, and de-
creased cell density lining the endothelium, as observed by non-contrast specular mi-
croscopy [32].

Furthermore, Chen and colleagues demonstrated that extended exposure (72 h) of
corneal endothelial cells to 30 mM glucose significantly reduced adhesion and barrier pro-
teins (N-cadherin/zonulin-1), water channels (aquaporin-1), and Na+/K+ ATPase protein
(ATP1a1). This was accompanied by endothelial dysfunction and impaired mitophagy,
leading to the accumulation of damaged mitochondria. In support of this evidence, exoge-
nous application of the mitophagy agonist carbonyl cyanide m-chlorophenyl hydrazine
(CCCP) protected the corneal endothelium from hyperglycemia-induced damage [32].

In Human Umbilical Vein Endothelial Cells (HUVECs), a 24 h high-glucose treat-
ment markedly worsened the effects of an inflammatory state, such as that induced
by SARS-CoV-2 infection [33]. Cells treated with spike protein under hyperglycemia-
mimicking conditions showed increased ROS production due to upregulation of NADPH
oxidase and a simultaneous decrease in angiotensin-converting enzyme 2 (ACE2) protein
levels, compared to spike protein-treated cells in standard culture conditions. Junction pro-
teins were also reported to be downregulated in response to high glucose levels, impairing
endothelial polarity and barrier integrity in the same cells [33].

However, high glucose exposure of HUVECs in the absence of additional inflammatory
stimuli was reported to be insufficient to modulate ROS production or the expression of
junction proteins such as zonulin-1 and occludin [33].

Furthermore, high glucose levels have been reported to reduce the number and
function of endothelial progenitor cells maintained for 7 days with 30 mM glucose
and increase endothelial autophagy, restraining vascular repair capacity and accelerat-
ing vascular injury [34]. In agreement, Niu and colleagues observed autophagy acti-
vation both in vivo and in vitro [35]. In diabetic mice, retinal endothelial cells exposed
to high glucose displayed impaired tube formation, increased apoptosis mediated by
caspases (−9, −8, −3), and enhanced autophagy, evidenced by elevated autophagosome
formation and LC3-II expression.

In animal models, hyperglycemia worsened endothelial dysfunction in hyperhomocys-
teinemic mice by activating µ-calpain and inhibiting endothelial eNOS, thereby reducing
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NO bioavailability [36]. Nevertheless, in rat ocular endothelial cells exposed to 24 mM
glucose for 2 h, Qambari and colleagues reported a significant vasodilatory response, which
was further exacerbated in endothelial cells from diabetic rats [37]. These results support
the existence of compensatory mechanisms that promote vasodilation despite decreased
NO availability caused by acute hyperglycemia. These mechanisms effectively counteract
the detrimental effects of high glucose levels in the early stages of diabetes but eventually
become overwhelmed as hyperglycemia becomes chronic [37].

Similarly, an antioxidant compensatory response to short-term hyperglycemia has
also been described in bovine retinal endothelial cells. In these cells, the induction of
manganese superoxide dismutase (MnSOD) or uncoupling proteins (UCPs) mitigated the
injury induced by moderate hyperglycemia. However, this compensatory response failed
as glucose levels increased, leading to structural damage and cell loss primarily driven by
hyperactive mitochondria [38].

4. Molecular Mechanisms of Hyperglycemia-Induced Cellular Damage
Chronic hyperglycemia leads to the development of endothelial damage and dysfunc-

tion via a wide array of mechanisms, which include the activation of the PKC, the polyol
and hexosamine pathways and by promoting the non-enzymatic formation of advanced
glycation end products (AGEs) [39]. Furthermore, the detrimental effects of glucotoxic-
ity on the endothelium are also mediated by increased ROS formation and the resulting
oxidative stress [40] (Figure 1B).

4.1. The Activation of the Polyol and the Hexosamine Pathways

Increased glucose intracellular availability, secondary to hyperglycemia, is pivotal in
promoting glucotoxicity. Indeed, as glucose rises intracellularly, its flux towards the polyol
and the hexosamine pathways raises with a parallel decrease in the amount of glucose
fueling the pentose phosphate pathway and glycolysis [40]. In this regard, as glucose is
funneled towards the polyol pathway, it is initially converted to sorbitol by aldose reduc-
tase. Sorbitol is then used as a substrate for sorbitol dehydrogenase leading to the synthesis
of fructose [41,42]. The activation of this pathway not only leads to an intracellular in-
crease in sorbitol and fructose but also depletes NAD+ as well as NADPH. The increases
in sorbitol and fructose contribute to cellular damage through two separate mechanisms.
While sorbitol fosters osmotic stress, increased intracellular fructose levels are converted to
the highly reactive α-oxo-aldehyde 3-deoxyglucosone, thereby promoting AGE produc-
tion [43]. The depletion of NAD+, as a consequence of the activation of the polyol pathway,
is responsible for the inhibition of the enzyme glyceraldehyde 3-phosphate dehydrogenase,
which, in turn, is a key node of the glycolytic pathway [7]. In addition, the activation of the
polyol pathway disrupts the NAD+/NADH ratio with an increase in NADH flux through
the electron transport chain promoting the production of superoxide, hydrogen peroxide
and hydroxyl radicals [44,45]. The contribution of the polyol pathway to oxidative stress
is further exacerbated by the depletion of NADPH which is pivotal for the regeneration
of reduced glutathione, thereby causing an imbalance between pro-oxidant species and
antioxidant defense systems [40,46]. Regarding the hexosamine pathway, it is a secondary
route of glucose metabolism that is stimulated by hyperglycemia. Indeed, in response to
hyperglycemia, excess fructose-6-phosphate, arising from impaired glucose metabolism,
is converted to UDP-N-acetylglucosamine (UDP-GlcNAc) [42]. UDP-GlcNAc, in turn,
induces posttranslational modifications that compromise cytoplasmic and nuclear protein
function thereby impairing cellular homeostasis [47]. A key protein whose posttranslational
modification by UDP-N-acetylglucosamine contributes to endothelial dysfunction is repre-
sented by eNOS. In this regard, the O-GlcNAcylation of eNOS at the AKT phosphorylation
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target site inhibits its function [48]. This translates into a reduction in NO production,
a crucial aspect of the pathogenesis of endothelial dysfunction [49].

4.2. Hyperglycemia-Induced Protein Kinase C Activation

The activation of PKC, particularly the isoform PKC-β [45], is a further mechanism
mediating the detrimental effects of hyperglycemia on endothelial function. The activa-
tion of PKC as a consequence of hyperglycemia is driven by the intracellular buildup of
ROS, AGEs and diacylglycerol [40]. In particular, the accumulation of diacylglycerol is
a direct consequence of the intracellular increase in glyceraldehyde 3-phosphate. The latter
increases intracellularly due to NAD+ depletion, resulting in inhibition of glyceraldehyde
3-phosphate dehydrogenase. PKC overactivation contributes to endothelial dysfunction
and atherosclerotic plaque formation by promoting a pro-inflammatory and pro-fibrotic
environment in the vasculature, impairing vascular insulin signaling, inducing adhesion
molecule expression, and downregulating eNOS [49,50]. Additionally, PKC promotes
activation of NADPH oxidase, thereby fueling oxidative stress and lowering nitric ox-
ide bioavailability with a consequent impairment in endothelium-dependent vasodila-
tion [49,51]. In agreement with the detrimental role of PCK, its inhibition has been shown
to mitigate endothelial dysfunction triggered by hyperglycemia [52].

4.3. The Formation of Advanced Glycation End Products

Hyperglycemia is a key driver of endogenous AGE production, which represents
an additional mechanism by which glucotoxicity contributes to endothelial dysfunction.
The non-enzymatic formation of AGEs is the result of the interaction between reducing
sugars, such as glucose and fructose, and the free amino groups of lipid, protein and nucleic
acids. This reaction generates unstable Schiff bases, which undergo further rearrangements
to produce Amadori products that accumulate on proteins, leading to the formation of
AGEs [53,54]. In this regard, non-enzymatic protein glycation induces functional mod-
ifications that disrupt protein function (Figure 2A). These modifications also affect the
extracellular matrix with AGE cross-linking with collagen, laminin, and elastin, leading
to an increase in vascular stiffness [55]. In support of this, individuals with T2DM are
characterized by increased vascular stiffness [56]. However, the detrimental effects of
AGEs span beyond protein glycation. Indeed, AGEs can bind to their cognate receptor,
the receptor for AGEs (RAGE), triggering the activation of intracellular pathways that
exacerbate oxidative stress and inflammation [53]. The AGE–RAGE interaction promotes
the activation of the nuclear factor kappa-light-chain-enhancer of activated B cell (NFκB)
pathway, which induces the transcription of growth factors and adhesion molecules. Fur-
thermore, AGEs activate extracellular signal-regulated kinase (ERK) 1/2, mitogen-activated
protein kinase (MAPK) and Janus kinase (JAK) which, in concert with NFκB signaling,
promote the expression of interleukin-1β, macrophage inflammatory protein-1, matrix-
metalloproteinase 9, TNF-α and VCAM-1 responsible for promoting leucocyte adhesion
and vascular inflammation [57]. The activation of MAPK, in concert with the upregulation
of platelet-derived growth factor and transforming growth factor-beta (TGF-β), triggered
by AGEs, stimulates vascular smooth muscle cells proliferation and migration [58,59].
These mechanisms, in turn, contribute to arterial remodeling and neointima formation [60].
Moreover, AGEs contribute to impaired angiogenesis by inhibiting endothelial progenitor
cell migration and tube formation [61], potentially by inhibiting galectin-3 interaction with
its receptor integrin α5β1 [62]. Remarkably, the impairment of galectin-3 binding to inte-
grin α5β1 p also contributes to impaired diabetic wound healing [62]. AGEs also promote
endothelial-to-mesenchymal transition as demonstrated by the upregulation of fibroblast-
specific protein-1, α-smooth muscle antibody and collagen I and a downregulation of

https://doi.org/10.3390/ijms27062660

https://doi.org/10.3390/ijms27062660


Int. J. Mol. Sci. 2026, 27, 2660 7 of 18

cluster of differentiation 31 in AGE-treated HUVECs [63]. In particular, the endothelial-to-
mesenchymal transition triggered by AGEs relies on the upregulation of TGF-β and the
downregulation of silent mating type information regulation 2 homolog 1 (Sirt 1) [63] as
well as via protein kinase B signaling cascades [64]. Thus, endothelial-to-mesenchymal
transition, by impairing endothelial cell specialized phenotype, represents an additional
mechanism underpinning AGE-induced endothelial dysfunction. Apart from sustaining
chronic inflammation-induced vascular damage, the activation of RAGE also culminates
with NADPH oxidase which reiterates oxidative stress [40]. Moreover, upon binding on
RAGE, AGEs reduce eNOS activity by inducing its inhibitor, asymmetric dimethylargi-
nine [65]. Furthermore, AGEs disrupt the tight junctions between endothelial cells and
promote the degradation of endothelial glycocalyx, thereby increasing endothelial per-
meability [42,66]. While diabetic hyperglycemia is pivotal in promoting AGE production,
it is not the only factor driving the generation of these molecules. As such, while AGEs
activated inflammatory responses, chronic inflammation itself promotes AGE generation,
thereby generating a self-sustaining vicious cycle (Figure 2B).

4.4. Oxidative Stress and Mitochondrial Dysfunction

Hyperglycemia is pivotal in fostering ROS production, which represents the major
contributor to endothelial dysfunction [67]. Indeed, increased glucose catabolism, sec-
ondary to hyperglycemia, results in a rise in the electron donors NADH and FADH2

which are funneled to the mitochondrial electron transport chain. The enhanced flux
of electrons through the electron transport chain leads to an increase in mitochondrial
membrane potential which, once reaches a critical threshold, impairs electron transport
at complex III [42,68]. This scenario favors electron leakage which are transferred, one at
the time, to molecular oxygen, thereby generating superoxide [42]. In terms of the mech-
anisms by which oxidative stress contributes to endothelial dysfunction, these include
the activation of pro-inflammatory responses, the decrease in NO bioavailability as well
as ROS-induced mitochondrial dysfunction [69]. Oxidative stress can directly lower NO
bioavailability. In this regard, NO is converted to ONOO− by reacting with superoxide
radical [70]. Additionally, oxidative stress can downregulate eNOS expression, promote
its uncoupling and lower the substrates this enzyme requires for the synthesis of NO,
such as L-arginine [71]. Oxidative stress can also exacerbate vascular inflammation by
activating the NFκB signaling pathway [72] and promoting the expression of IL-1β, IL-6,
TNF-α as well as adhesion molecules, including VCAM-1 and ICAM-1 [69]. Additionally,
excessive ROS production also hampers mitochondrial function which, in turn, contributes
to endothelial dysfunction [73]. Indeed, mitochondria are not only a pivotal source of
ROS, but ROS themselves can disrupt mitochondrial health. As such, ROS can hamper
mitochondrial calcium homeostasis [74], damage the proteins of the mitochondria electron
transport chain as well as mitochondrial DNA and disrupt energy production [75,76]. Thus,
impaired mitochondrial health represents an additional mediator linking excessive ROS
production, oxidative stress, and endothelial dysfunction.
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Figure 2. AGE formation and signaling cascade in hyperglycemic conditions. (A) Left: the Mail-
lard reaction involves the formation of a Schiff base from the reaction between reducing sug-
ars with amino groups of proteins, followed by Amadori rearrangement to generate Amadori
products. Right: alternative pathways, including glucose autoxidation, ketone body metabolism,
or lipid peroxidation, produce reactive dicarbonyl intermediates that further react to form irre-
versible products, AGEs. (B) AGEs accumulate in the extracellular matrix and form cross-links
with structural proteins such as collagen, laminin, and elastin, increasing vascular stiffness. In ad-
dition to direct protein glycation, AGEs bind to their receptor (RAGE), activating intracellular
signaling pathways that enhance oxidative stress and inflammation. AGE–RAGE interaction pro-
motes NADPH oxidase activation and ROS production, inhibits eNOS, reducing (↓) NO production,
and triggers activation of NFκB, which translocates to the nucleus and induces the transcription
(↑) of pro-inflammatory cytokines, growth factors, and adhesion molecules. Created in BioRender.
Lodi, G. (2026) https://BioRender.com/ayzi3mx (accessed on 11 March 2026).

Hyperglycemia and ROS-induced mitochondrial fission have been shown to play
a crucial role in fostering mitochondrial dysfunction [69,77,78]. Mitochondria undergo
continuous cycles of fusion and fission via a process termed mitochondrial dynamics.
These cycles of fusion and fission are pivotal to allow the cells to adapt to the metabolic
fuel availability, cellular energy demand, to respond to different stressors and they are
required for mitochondrial quality control [79]. Despite both fusion and fission being
required to maintain mitochondrial health and cellular homeostasis, an imbalance in mi-
tochondrial dynamics impairs cellular metabolic health. Indeed, while mitochondrial
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fission under physiological conditions represents a beneficial process allowing the re-
moval of damaged mitochondrial components through mitophagy, excessive fission can
be detrimental. Indeed, an increase in fission leads to impaired energy production and
constitutes an early event preceding ROS overproduction as well as apoptosis in response
to hyperglycemia [80]. Most importantly, mitochondrial fragmentation is instrumental for
hyperglycemia-induced excessive ROS production [80], highlighting impaired mitochon-
drial dynamics as a key pathophysiological mechanism linking high glucose levels and
endothelial dysfunction. Moreover, an imbalance in mitochondrial dynamics, with a shift
towards fission, contributes to endothelial inflammation, impairs endothelial-dependent
relaxation and hampers angiogenesis as well as wound healing [77,81]. Thus, defective mi-
tochondrial dynamics with an increase in fission or decrease in fusion underpins an increase
in mitochondrial fragmentation and compromises endothelial physiological function [82].
In terms of the mechanisms underlying the ability of hyperglycemia to promote mitochon-
drial fission, these relay on an increase in ROS production as well as the modulation of the
activity of dynamin-related protein 1 (DRP1), a critical actor for promoting mitochondrial
fragmentation [76]. Indeed, under hyperglycemic conditions, DRP1 is phosphorylated on
serine600 by Rho-associated coiled coil-containing protein kinase 1 (ROCK1) resulting in its
translocation to the mitochondria where it orchestrates the fission of these organelles [83].
However, other evidence indicates that hyperglycemia promoted the activation of DRP1 by
promoting ROCK1-mediated phosphorylation on serine616 [84]. Additionally, ROCK1 was
identified as a downstream target of Forkhead box protein O1 (FOXO1) whose inhibition
was sufficient to prevent hyperglycemia-induced mitochondrial fission [84].

Even though mitophagy is crucial for mitochondrial quality control, its deregulation
contributes to endothelial dysfunction. Hyperglycemia is able to induce mitophagy [85]
which, in turn, represents a further mitochondrial mechanism by which hyperglycemia con-
tributes to endothelial dysfunction. Short-term high glucose treatment has been reported
to induce the Parkin pathway, while long-term hyperglycemia inhibits the Parkin pathway
and activates sintaxin 17-mediated mitophagy, promoting endothelial dysfunction and
vascular injury [85]. The relevance of deregulated mitophagy in the context of endothelial
dysfunction has been confirmed by silencing sintaxin-17 in endothelial cells exposed to
long-term hyperglycemia. Indeed, the inhibition of mitophagy by sintaxin-17 reduced
endothelial dysfunction as indicated by a decrease in ROS, apoptosis and a parallel increase
in eNOS phosphorylation [85].

5. Renin-Angiotensin System Regulation in Hyperglycemia
The renin-angiotensin system (RAS) is essential for the regulation of blood pres-

sure and body fluid balance. Circulating renin, produced by the juxtaglomerular cells
in the kidneys, cleaves liver-derived angiotensinogen into angiotensin I (AngI) which is
then hydrolyzed by endothelial ACE to form angiotensin II (Ang II). Ang II binds to the
angiotensin II type 1 receptor (AT1R), stimulating aldosterone production and vasoconstric-
tion. Alternatively, Ang II can bind the angiotensin II type 2 receptor (AT2R) to counteract
vasoconstriction [86].

ACE2 receptor, a homolog of the classical ACE, can bind Ang II, converting it into
Ang-(1-7), a peptide that via Mas1 receptor counteracts the inhibitory effects of Ang II on
insulin release by modulating cAMP levels and eNOS activity. It dampens inflammation
and promotes antioxidant as well as vasodilatory effects [86].

In diabetes, systemic RAS has been reported to be suppressed, whereas local RAS
(e.g., in the kidney, pancreas, and adipose tissue) has been shown to be activated. Its
regulation in response to increasing glucose concentrations depends on cell type and
angiotensin receptor levels [87,88]. In diabetic rat kidneys, increased renin gene and protein
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expression were associated with increased Ang II production and downregulation of AT2R,
supporting the detrimental effects of Ang II. In endothelium, Ang II/AT1R stimulates free
radical production through NADPH oxidase, promoting insulin resistance and ultimately
exacerbating macrovascular complications of diabetes [88]. Hyperglycemia promotes
ACE2 glycation that reduces its enzymatic activity and stability. In vitro data showed
increased non-enzymatic ACE2 glycation in cardiomyocytes exposed to 120 mM glucose
for 12 days [89]. In agreement with this notion, increased levels of glycated ACE2 and
reduced expression of Ang-(1-9), Ang-(1-7) and MasR were reported in cardiomyocytes
from T2DM patients compared with those derived from healthy subjects [89,90].

Post-transcriptional modifications of ACE2, such as phosphorylation or glycation,
interfere with its enzymatic or binding activity, ultimately impairing its vasoprotective role
within the RAS pathway [89,91]. In pulmonary endothelial cells, impaired AMP-activated
protein kinase (AMPK)-dependent phosphorylation of ACE2 promotes ACE2 degradation
through Murine Double Minute 2 (MDM2), leading to pulmonary hypertension, which
is linked to a significantly higher risk of right-heart failure and overall cardiovascular
disease burden (Figure 3) [92,93]. Reduction in ACE2 bioavailability can also be mediated
by due disintegrin and metalloprotease 17 (ADAM17)-induced shedding. The “shaddase”
protease activity of ADAM17 removes the ectodomain of the transmembrane protein ACE2,
resulting in the release of soluble ACE2. In diabetic mouse models, both T1DM and T2DM,
higher levels of ADAM17 correlate with increased production of soluble ACE2, which is
then excreted in urine [94]. This mechanism reduces ACE2 activity as a transmembrane
protein, promoting plaque formation and a pro-atherosclerotic environment [95].

Figure 3. ACE2 regulation under normoglycemic and hyperglycemic conditions. Under physiological
conditions (right panel) AMPK-mediated phosphorylation enhances ACE2 activity and inhibits
MDM2-mediated ubiquitination, promoting the conversion of Ang II to Ang-(1-7), which exerts
vasodilatory and anti-inflammatory actions mediated by the MAS receptor (MasR). AMPK simultane-
ously activates eNOS, NO production and it supports endothelial homeostasis. Under hyperglycemic
conditions (left panel), reduced AMPK activity, followed by reduced eNOS phosphorylation, leads to
less nitric oxide availability. In parallel, impaired AMPK signaling fails to phosphorylate/activate
ACE2. This promotes Ang II accumulation, which exerts vasoconstrictive and pro-inflammatory
actions, ultimately contributing to endothelial dysfunction. Created in BioRender. Lodi, G. (2026)
https://BioRender.com/emptppy (accessed on 11 March 2026).
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6. The Protective Role of ACE2 in Endothelial Dysfunction
The protective activity of ACE2 on endothelial cells is mainly driven by its ability to

counteract the harmful effects of Ang II, as shown in both in vitro and in vivo studies.
In this regard, ACE2 KO mice were characterized by an impaired vasodilation of

cerebral arteries which worsened the risk of stroke [96]. In adult mice, ACE2 depletion was
associated with endothelial dysfunction that was exacerbated by oxidative stress during
aging [96].

ACE2 expression was reported to be upregulated in pancreatic islet cells of diabetic
mice, where it counteracts the activation of the pancreatic RAS. Thus, ACE2 may dampen
the deleterious effects of RAS overactivation on β-cell and microvascular endothelial cell
function [97,98].

In diabetic patients, plasma ACE2 levels follow a biphasic fluctuation that correlates
with disease progression [99].

In pre-diabetic individuals, increased levels of ACE2 have been reported as a com-
pensatory response to RAS activation aimed at balancing Ang II activity and preventing
local and systemic vascular complications [97]. Although in the late stages of diabetes, the
balance between Ang II and ACE2/Ang-(1-7) was compromised, possibly by the activation
of pro-inflammatory responses [99].

Based on these premises, rebalancing RAS by targeting ACE2 pathways has been
investigated by several studies in order to contrast cardiovascular complications, including
endothelial dysfunction.

Exogenously administered Ang-(1-7) relieves cytotoxicity, apoptosis, and inflamma-
tion and counters the reduction in eNOS in HUVECs maintained in a high-glucose environ-
ment [91]. Ang-(1-7) exerts these effects by inhibiting activation of the JAK/STAT3 pathway,
known to be associated with the progression of cardiovascular complications [91,100].

In the retinal endothelium, ACE inhibitors have been shown to restore the balance
between classical (ACE1/Ang II) and vasoprotective (ACE2/MasR) pathways, lowering
the upregulation of both ACE1 and Ang II reported in ocular tissues. Overexpression of
ACE2 through adeno-associated virus inhibited the formation of acellular capillaries and
limited the release of proinflammatory mediators from the retina, preventing or reversing
retinopathy in diabetic mice [101,102].

ACE2 has also been reported to act as a protective factor in the kidneys, where its
counterregulatory effect on Ang II reduces the risk of diabetic nephropathy [103]. In the
kidney, endothelial cells release pivotal factors involved in vascular homeostasis, and their
dysfunction is associated with the onset and progression of chronic kidney disease (CDK),
a multisystemic disorder that increases the risk of CVD [104].

7. RAS and ACE2 as Therapeutic Targets for Endothelial Dysfunction
ACE2 functions and its potential as a therapeutic target have attracted a great deal of at-

tention since the COVID-19 pandemic. Nevertheless, its pathophysiological relevance spans
beyond its role as an entry receptor for SARS-CoV2. Indeed, ACE2 constitutes a promising
target for preventing vascular complications related to RAS dysregulation [86,105]. Never-
theless, to date, no specific molecules targeting ACE2 have been approved, even though
several trials are still ongoing.

Pharmacological RAS blockade with angiotensin-converting enzyme inhibitors
(ACEis) or angiotensin receptor blockers (ARBs) has demonstrated cardioprotective and
renoprotective effects, by counteracting Ang II activity [106].

ACEis and ARBs have different sites of action; ACEis are competitive inhibitors of
ACE, which inhibit the conversion of AngI to Ang II, while the ARBs are highly selective
for the AT1 receptor and block the deleterious effects of Ang II [107,108].
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The two agents do not directly impact ACE2 expression but indirectly increase ACE2
activity by rebalancing the ACE1/ACE2 ratio. This shifts the RAS balance toward in-
creased production of Ang-(1-7), which, as already described, exerts vasodilatory, anti-
inflammatory, and anti-fibrotic effects [109]. A meta-analysis of randomized controlled
studies, which involved almost 21,871 hypertensive patients with T2DM, demonstrated that
ACEi/ARBs led to a 10% decrease in cardiovascular events and 17% reduction in cardio-
vascular mortality when compared with control or other antihypertensive therapies [110].

To date, two phase IV studies investigating the effects of two different ARBs on
circulating ACE, ACE2, Ang II, and Ang-(1-7) levels, as well as vascular function parameters
in hypertensive patients with T2DM, are published on ClinicalTrials.gov and they are still
ongoing. These trials compare two different ARBs, olmesartan and fimasartan, with the
conventional antihypertensive agent amlodipine.

The clinical trial investigating olmesartan action (NCT05189015) has completed the
enrolment of 80 participants, but no results have been published yet, while the clinical trial
investigating the fimasartan activity is still recruiting patients (NCT05173025).

In the European Union there is one ongoing registered trial aimed at investigating the
effect of empagliflozin on RAS in T2DM patients with chronic kidney disease (EudraCT
Number 2016-002935-14) (www.clinicaltrialsregister.eu). Empagliflozin inhibits the sodium-
glucose co-transporter-2 (SGLT-2), reducing renal reabsorption of glucose and increasing its
urinary excretion. Empagliflozin use in diabetes has already been approved by the Food and
Drug Administration (FDA); however, new therapeutic indications are under investigation.

Emerging therapies targeting the mineralocorticoid receptor (MR) may offer alterna-
tive strategies for reducing cardiovascular and renal events in patients with T2DM [111].
A clinical study completed in 2014 evaluated whether mineralocorticoid receptor antag-
onists exert beneficial cardiovascular effects by reducing vascular injury and improving
vascular function. In this randomized, double-blind study, 64 participants with T2DM
were treated with Spironolactone or Hydrochlorothiazide, reporting comparable reductions
in systolic blood pressure, while only spironolactone improved coronary microvascular
function [112].

This study suggests mineralocorticoid agonists might confer additional cardiovascular
protection compared to ACE1 inhibitors in patients with T2DM.

Spironolactone presents antiandrogen and antiprogesterone side effects that might
be overcome with eplerenone. In this regard, in the Australian–New Zealand clinical
trials registry, one trial aims to investigate “aldosterone receptor” antagonist eplerenone
in combination with standard treatment for T1DM in order to delay or prevent diabetes
complication progression (ACTRN12613001355763) (www.anzctr.org.au). The study is not
recruiting yet.

Apparently, no studies on the RAS pathway factors in diabetes are listed in the Chinese
Clinical Trial registry (www.chictr.org.cn).

A novel approach to stabilize ACE2 protein involves using MDM2 inhibitors, which
hamper MDM2-dependent ubiquitination of ACE2 [93].

MDM2 inhibitors are primarily used in cancer; recently, they have also been inves-
tigated for chronic diseases such as cardiovascular disease, diabetes, inflammatory and
autoimmune disease [113]. Preclinical data reported both anti-inflammatory and anti-
angiogenic effects, limiting new vessel formation by inhibiting endothelial cell proliferation,
migration, and tube formation in vitro and in vivo [114,115]. This activity might prevent
the formation of impaired new vessels originating from dysfunctional endothelial cells.
Based on these premises, MDM2 inhibitors may harbor promising activity in regulating
endothelial function and warrant further investigation.
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8. Conclusions
Hyperglycemia significantly contributes to endothelial dysfunction via interconnected

pathways underpinning atherosclerosis and diabetic vascular complications. The endothe-
lium represents a promising therapeutic target for preventing and mitigating diabetes-
related vascular disease. Despite significant advances in understanding the molecular
basis of hyperglycemia-induced endothelial dysfunction from in vitro studies and animal
models, therapeutic strategies to tackle endothelial dysfunction remain elusive. In this
context, ACE2 represents a promising molecular target to counter the detrimental effects of
hyperglycemia on endothelial dysfunction with potential therapeutic repercussions on dia-
betic vascular complications. Nevertheless, despite putative beneficial effects of ACE2 on
vascular health, further translational and clinical studies are warranted to dissect its role as
a druggable target to mitigate the effects of poor metabolic control on endothelial function.

Author Contributions: Conceptualization, D.S., R.V. and A.R.; writing—original draft preparation,
G.L., D.S. and A.R.; writing—review and editing, G.L., D.S., A.D., F.B., P.S., R.V. and A.R.; funding
acquisition, A.R. and R.V. All authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by the local program at the University of Ferrara “FAR 2024” to AR
and project POR-FESR 2021/2027 (ID: 3D_MAB) to R.V.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors acknowledge Agnese Pellati and Dalal Sami for technical assistance.
During the preparation of this manuscript, the authors used “Biorender” for figure preparation.
The authors have reviewed and edited the output and take full responsibility for the content of
this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. GBD 2021 Diabetes Collaborators. Global, regional, and national burden of diabetes from 1990 to 2021, with projections of

prevalence to 2050: A systematic analysis for the Global Burden of Disease Study 2021. Lancet 2023, 402, 203–234. [CrossRef]
2. The Lancet. Diabetes: A defining disease of the 21st century. Lancet 2023, 401, 2087. [CrossRef] [PubMed]
3. Negrato, C.A.; Dias, J.P.; Teixeira, M.F.; Dias, A.; Salgado, M.H.; Lauris, J.R.; Montenegro, R.M., Jr.; Gomes, M.B.; Jovanovic, L.

Temporal trends in incidence of Type 1 diabetes between 1986 and 2006 in Brazil. J. Endocrinol. Investig. 2010, 33, 373–377.
[CrossRef]

4. Bleriot, C.; Dalmas, E.; Ginhoux, F.; Venteclef, N. Inflammatory and immune etiology of type 2 diabetes. Trends Immunol. 2023, 44,
101–109. [CrossRef]

5. Collins, K.K. The diabetes-cancer link. Diabetes Spectr. 2014, 27, 276–280. [CrossRef]
6. Hallstrom, S.; Wijkman, M.O.; Ludvigsson, J.; Ekman, P.; Pfeffer, M.A.; Wedel, H.; Rosengren, A.; Lind, M. Risk factors, mortality

trends and cardiovasuclar diseases in people with Type 1 diabetes and controls: A Swedish observational cohort study. Lancet
Reg. Health Eur. 2022, 21, 100469. [CrossRef]

7. Sergi, D.; Renaud, J.; Simola, N.; Martinoli, M.G. Diabetes, a Contemporary Risk for Parkinson’s Disease: Epidemiological and
Cellular Evidences. Front. Aging Neurosci. 2019, 11, 302. [CrossRef]

8. Strain, W.D.; Paldanius, P.M. Diabetes, cardiovascular disease and the microcirculation. Cardiovasc. Diabetol. 2018, 17, 57.
Correction in Cardiovasc. Diabetol. 2021, 20, 120. https://doi.org/10.1186/s12933-021-01307-5. [CrossRef] [PubMed]

9. Thomas, M.C.; Brownlee, M.; Susztak, K.; Sharma, K.; Jandeleit-Dahm, K.A.; Zoungas, S.; Rossing, P.; Groop, P.H.; Cooper,
M.E. Diabetic kidney disease. Nat. Rev. Dis. Primers 2015, 1, 15018. Correction in Nat. Rev. Dis. Primers 2015, 1, 15070.
https://doi.org/10.1038/nrdp.2015.70. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27062660

https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1016/S0140-6736(23)01296-5
https://www.ncbi.nlm.nih.gov/pubmed/37355279
https://doi.org/10.1007/BF03346606
https://doi.org/10.1016/j.it.2022.12.004
https://doi.org/10.2337/diaspect.27.4.276
https://doi.org/10.1016/j.lanepe.2022.100469
https://doi.org/10.3389/fnagi.2019.00302
https://doi.org/10.1186/s12933-021-01307-5
https://doi.org/10.1186/s12933-018-0703-2
https://www.ncbi.nlm.nih.gov/pubmed/29669543
https://doi.org/10.1038/nrdp.2015.70
https://doi.org/10.1038/nrdp.2015.18
https://www.ncbi.nlm.nih.gov/pubmed/27188921
https://doi.org/10.3390/ijms27062660


Int. J. Mol. Sci. 2026, 27, 2660 14 of 18

10. Powell-Wiley, T.M.; Poirier, P.; Burke, L.E.; Despres, J.P.; Gordon-Larsen, P.; Lavie, C.J.; Lear, S.A.; Ndumele, C.E.; Neeland, I.J.;
Sanders, P.; et al. Obesity and Cardiovascular Disease: A Scientific Statement from the American Heart Association. Circulation
2021, 143, e984–e1010. [CrossRef]

11. Orasanu, G.; Plutzky, J. The pathologic continuum of diabetic vascular disease. J. Am. Coll. Cardiol. 2009, 53, S35–S42. [CrossRef]
[PubMed]

12. Laing, S.P.; Swerdlow, A.J.; Slater, S.D.; Burden, A.C.; Morris, A.; Waugh, N.R.; Gatling, W.; Bingley, P.J.; Patterson, C.C. Mortality
from heart disease in a cohort of 23,000 patients with insulin-treated diabetes. Diabetologia 2003, 46, 760–765. [CrossRef] [PubMed]

13. Xu, S.; Ilyas, I.; Little, P.J.; Li, H.; Kamato, D.; Zheng, X.; Luo, S.; Li, Z.; Liu, P.; Han, J.; et al. Endothelial Dysfunction in
Atherosclerotic Cardiovascular Diseases and Beyond: From Mechanism to Pharmacotherapies. Pharmacol. Rev. 2021, 73, 924–967.
[CrossRef]

14. Mastrogiacomo, L.; Ballagh, R.; Venegas-Pino, D.E.; Kaur, H.; Shi, P.; Werstuck, G.H. The Effects of Hyperglycemia on Early
Endothelial Activation and the Initiation of Atherosclerosis. Am. J. Pathol. 2023, 193, 121–133. [CrossRef] [PubMed]

15. Yang, J.; Liu, Z. Mechanistic Pathogenesis of Endothelial Dysfunction in Diabetic Nephropathy and Retinopathy. Front. Endocrinol.
2022, 13, 816400. [CrossRef]

16. Yu, W.; Wang, Z. Diabetic Retinopathy and Cardiovascular Disease: A Literature Review [Response to Letter]. Diabetes Metab.
Syndr. Obes. 2024, 17, 489–490. [CrossRef]

17. Yang, D.R.; Wang, M.Y.; Zhang, C.L.; Wang, Y. Endothelial dysfunction in vascular complications of diabetes: A comprehensive
review of mechanisms and implications. Front. Endocrinol. 2024, 15, 1359255. [CrossRef]

18. Alexander, Y.; Osto, E.; Schmidt-Trucksass, A.; Shechter, M.; Trifunovic, D.; Duncker, D.J.; Aboyans, V.; Back, M.; Badimon, L.;
Cosentino, F.; et al. Endothelial function in cardiovascular medicine: A consensus paper of the European Society of Cardiology
Working Groups on Atherosclerosis and Vascular Biology, Aorta and Peripheral Vascular Diseases, Coronary Pathophysiology
and Microcirculation, and Thrombosis. Cardiovasc. Res. 2021, 117, 29–42. [CrossRef]

19. Little, P.J.; Askew, C.D.; Xu, S.; Kamato, D. Endothelial Dysfunction and Cardiovascular Disease: History and Analysis of the
Clinical Utility of the Relationship. Biomedicines 2021, 9, 699. [CrossRef]

20. Boulanger, C.M. Endothelium. Arterioscler. Thromb. Vasc. Biol. 2016, 36, e26–e31. [CrossRef]
21. Forstermann, U.; Sessa, W.C. Nitric oxide synthases: Regulation and function. Eur. Heart J. 2012, 33, 829–837. [CrossRef] [PubMed]
22. Jakubowski, H.; Witucki, L. Homocysteine Metabolites, Endothelial Dysfunction, and Cardiovascular Disease. Int. J. Mol. Sci.

2025, 26, 746. [CrossRef]
23. Williams, A.E.; Dunaway, L.S.; Juskiewicz, Z.J.; Schug, W.J.; Cortese-Krott, M.M.; Koval, M.; Isakson, B.E. Impact of Endothelial

Diversity and Dysfunction on Cardiovascular Disease. Compr. Physiol. 2025, 15, e70064. [CrossRef]
24. Anand, A.R.; Rachel, G.; Parthasarathy, D. HIV Proteins and Endothelial Dysfunction: Implications in Cardiovascular Disease.

Front. Cardiovasc. Med. 2018, 5, 185. [CrossRef]
25. Higashi, Y. Endothelial Function in Dyslipidemia: Roles of LDL-Cholesterol, HDL-Cholesterol and Triglycerides. Cells 2023,

12, 1293. [CrossRef]
26. Golbidi, S.; Edvinsson, L.; Laher, I. Smoking and Endothelial Dysfunction. Curr. Vasc. Pharmacol. 2020, 18, 1–11. [CrossRef]
27. Chistiakov, D.A.; Melnichenko, A.A.; Grechko, A.V.; Myasoedova, V.A.; Orekhov, A.N. Potential of anti-inflammatory agents for

treatment of atherosclerosis. Exp. Mol. Pathol. 2018, 104, 114–124. [CrossRef]
28. Gui, Y.; Zheng, H.; Cao, R.Y. Foam Cells in Atherosclerosis: Novel Insights into Its Origins, Consequences, and Molecular

Mechanisms. Front. Cardiovasc. Med. 2022, 9, 845942. [CrossRef]
29. Arkan, M.C.; Hevener, A.L.; Greten, F.R.; Maeda, S.; Li, Z.W.; Long, J.M.; Wynshaw-Boris, A.; Poli, G.; Olefsky, J.; Karin, M.

IKK-beta links inflammation to obesity-induced insulin resistance. Nat. Med. 2005, 11, 191–198. [CrossRef] [PubMed]
30. Hirosumi, J.; Tuncman, G.; Chang, L.; Gorgun, C.Z.; Uysal, K.T.; Maeda, K.; Karin, M.; Hotamisligil, G.S. A central role for JNK in

obesity and insulin resistance. Nature 2002, 420, 333–336. Correction in Nature 2023, 619, E25. https://doi.org/10.1038/s41586-0
23-06285-0. [CrossRef] [PubMed]

31. Popov, D. Endothelial cell dysfunction in hyperglycemia: Phenotypic change, intracellular signaling modification, ultrastructural
alteration, and potential clinical outcomes. Int. J. Diabetes Mellit. 2010, 2, 189–195. [CrossRef]

32. Chen, C.; Zhou, Q.; Li, Z.; Duan, H.; Liu, Y.; Wan, L.; Wang, H.; Xie, L. Hyperglycemia induces corneal endothelial dysfunction
through attenuating mitophagy. Exp. Eye Res. 2022, 215, 108903. [CrossRef]

33. Zhang, J.; He, L.; Huang, R.; Alvarez, J.F.; Yang, D.H.; Sun, Q.; Wang, F.; Peng, Z.; Jiang, N.; Su, L. Synergistic effect of elevated
glucose levels with SARS-CoV-2 spike protein induced NOX-dependent ROS production in endothelial cells. Mol. Biol. Rep. 2023,
50, 6039–6047. [CrossRef]

34. Kim, K.A.; Shin, Y.J.; Akram, M.; Kim, E.S.; Choi, K.W.; Suh, H.; Lee, C.H.; Bae, O.N. High glucose condition induces autophagy
in endothelial progenitor cells contributing to angiogenic impairment. Biol. Pharm. Bull. 2014, 37, 1248–1252. [CrossRef]

https://doi.org/10.3390/ijms27062660

https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.1016/j.jacc.2008.09.055
https://www.ncbi.nlm.nih.gov/pubmed/19179216
https://doi.org/10.1007/s00125-003-1116-6
https://www.ncbi.nlm.nih.gov/pubmed/12774166
https://doi.org/10.1124/pharmrev.120.000096
https://doi.org/10.1016/j.ajpath.2022.09.004
https://www.ncbi.nlm.nih.gov/pubmed/36243046
https://doi.org/10.3389/fendo.2022.816400
https://doi.org/10.2147/DMSO.S460233
https://doi.org/10.3389/fendo.2024.1359255
https://doi.org/10.1093/cvr/cvaa085
https://doi.org/10.3390/biomedicines9060699
https://doi.org/10.1161/ATVBAHA.116.306940
https://doi.org/10.1093/eurheartj/ehr304
https://www.ncbi.nlm.nih.gov/pubmed/21890489
https://doi.org/10.3390/ijms26020746
https://doi.org/10.1002/cph4.70064
https://doi.org/10.3389/fcvm.2018.00185
https://doi.org/10.3390/cells12091293
https://doi.org/10.2174/1573403X14666180913120015
https://doi.org/10.1016/j.yexmp.2018.01.008
https://doi.org/10.3389/fcvm.2022.845942
https://doi.org/10.1038/nm1185
https://www.ncbi.nlm.nih.gov/pubmed/15685170
https://doi.org/10.1038/s41586-023-06285-0
https://doi.org/10.1038/s41586-023-06285-0
https://doi.org/10.1038/nature01137
https://www.ncbi.nlm.nih.gov/pubmed/12447443
https://doi.org/10.1016/j.ijdm.2010.09.002
https://doi.org/10.1016/j.exer.2021.108903
https://doi.org/10.1007/s11033-023-08504-3
https://doi.org/10.1248/bpb.b14-00172
https://doi.org/10.3390/ijms27062660


Int. J. Mol. Sci. 2026, 27, 2660 15 of 18

35. Niu, C.; Chen, Z.; Kim, K.T.; Sun, J.; Xue, M.; Chen, G.; Li, S.; Shen, Y.; Zhu, Z.; Wang, X.; et al. Metformin alleviates
hyperglycemia-induced endothelial impairment by downregulating autophagy via the Hedgehog pathway. Autophagy 2019, 15,
843–870. Correction in Autophagy 2022, 19, 374–375. https://doi.org/10.1080/15548627.2022.2074778. [CrossRef]

36. Cheng, Z.; Jiang, X.; Pansuria, M.; Fang, P.; Mai, J.; Mallilankaraman, K.; Gandhirajan, R.K.; Eguchi, S.; Scalia, R.; Madesh, M.; et al.
Hyperhomocysteinemia and hyperglycemia induce and potentiate endothelial dysfunction via mu-calpain activation. Diabetes
2015, 64, 947–959. [CrossRef]

37. Qambari, H.; Yu, P.K.; Balaratnasingam, C.; Dickson, J.; Yu, D.Y. Endothelial function can be modulated by acute hyperglycemia.
Sci. Rep. 2025, 15, 30559. [CrossRef]

38. Cui, Y.; Xu, X.; Bi, H.; Zhu, Q.; Wu, J.; Xia, X.; Qiushi, R.; Ho, P.C. Expression modification of uncoupling proteins and MnSOD in
retinal endothelial cells and pericytes induced by high glucose: The role of reactive oxygen species in diabetic retinopathy. Exp.
Eye Res. 2006, 83, 807–816. [CrossRef] [PubMed]

39. Huang, D.; Refaat, M.; Mohammedi, K.; Jayyousi, A.; Al Suwaidi, J.; Abi Khalil, C. Macrovascular Complications in Patients with
Diabetes and Prediabetes. Biomed. Res. Int. 2017, 2017, 7839101. [CrossRef] [PubMed]

40. Li, Y.; Liu, Y.; Liu, S.; Gao, M.; Wang, W.; Chen, K.; Huang, L.; Liu, Y. Diabetic vascular diseases: Molecular mechanisms and
therapeutic strategies. Signal Transduct. Target. Ther. 2023, 8, 152. [CrossRef] [PubMed]

41. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813–820. [CrossRef]
42. Brownlee, M. The pathobiology of diabetic complications: A unifying mechanism. Diabetes 2005, 54, 1615–1625. [CrossRef]
43. Eelen, G.; de Zeeuw, P.; Simons, M.; Carmeliet, P. Endothelial cell metabolism in normal and diseased vasculature. Circ. Res. 2015,

116, 1231–1244. [CrossRef]
44. Tashkandi, A.J.; Gorman, A.; McGoldrick Mathers, E.; Carney, G.; Yacoub, A.; Setyaningsih, W.A.W.; Kuburas, R.; Margariti, A.

Metabolic and Mitochondrial Dysregulations in Diabetic Cardiac Complications. Int. J. Mol. Sci. 2025, 26, 3016. [CrossRef]
45. Hussain, A. Chronic hyperglycemia and cardiovascular dysfunction: An in-depth exploration of metabolic and cellular pathways

in type 2 diabetes mellitus. Cardiovasc. Diabetol. Endocrinol. Rep. 2025, 11, 39. [CrossRef] [PubMed]
46. Chang, K.C.; Snow, A.; LaBarbera, D.V.; Petrash, J.M. Aldose reductase inhibition alleviates hyperglycemic effects on human

retinal pigment epithelial cells. Chem. Biol. Interact. 2015, 234, 254–260. [CrossRef] [PubMed]
47. Chatham, J.C.; Zhang, J.; Wende, A.R. Role of O-Linked N-Acetylglucosamine Protein Modification in Cellular (Patho)Physiology.

Physiol. Rev. 2021, 101, 427–493. [CrossRef] [PubMed]
48. Du, X.L.; Edelstein, D.; Dimmeler, S.; Ju, Q.; Sui, C.; Brownlee, M. Hyperglycemia inhibits endothelial nitric oxide synthase

activity by posttranslational modification at the Akt site. J. Clin. Investig. 2001, 108, 1341–1348. [CrossRef]
49. Liu, Z.; Lu, J.; Sha, W.; Lei, T. Comprehensive treatment of diabetic endothelial dysfunction based on pathophysiological

mechanism. Front. Med. 2025, 12, 1509884. [CrossRef]
50. Kant, S.; Feng, J. Protein kinase C and endothelial dysfunction in select vascular diseases. Front. Cardiovasc. Med. 2025, 12, 1618343.

[CrossRef]
51. Zhou, W.; Wang, X.L.; Lamping, K.G.; Lee, H.C. Inhibition of protein kinase Cβ protects against diabetes-induced impairment in

arachidonic acid dilation of small coronary arteries. J. Pharmacol. Exp. Ther. 2006, 319, 199–207. [CrossRef]
52. Beckman, J.A.; Goldfine, A.B.; Gordon, M.B.; Garrett, L.A.; Creager, M.A. Inhibition of protein kinase Cbeta prevents impaired

endothelium-dependent vasodilation caused by hyperglycemia in humans. Circ. Res. 2002, 90, 107–111. [CrossRef] [PubMed]
53. Sergi, D.; Boulestin, H.; Campbell, F.M.; Williams, L.M. The Role of Dietary Advanced Glycation End Products in Metabolic

Dysfunction. Mol. Nutr. Food Res. 2021, 65, e1900934. [CrossRef]
54. D’Cunha, N.M.; Sergi, D.; Lane, M.M.; Naumovski, N.; Gamage, E.; Rajendran, A.; Kouvari, M.; Gauci, S.; Dissanayka, T.;

Marx, W.; et al. The Effects of Dietary Advanced Glycation End-Products on Neurocognitive and Mental Disorders. Nutrients
2022, 14, 2421. [CrossRef]

55. Chang, K.C.; Liang, J.T.; Tsai, P.S.; Wu, M.S.; Hsu, K.L. Prevention of arterial stiffening by pyridoxamine in diabetes is associated
with inhibition of the pathogenic glycation on aortic collagen. Br. J. Pharmacol. 2009, 157, 1419–1426. [CrossRef]

56. Schram, M.T.; Henry, R.M.; van Dijk, R.A.; Kostense, P.J.; Dekker, J.M.; Nijpels, G.; Heine, R.J.; Bouter, L.M.; Westerhof, N.;
Stehouwer, C.D. Increased central artery stiffness in impaired glucose metabolism and type 2 diabetes: The Hoorn Study.
Hypertension 2004, 43, 176–181. [CrossRef]

57. Bongarzone, S.; Savickas, V.; Luzi, F.; Gee, A.D. Targeting the Receptor for Advanced Glycation Endproducts (RAGE): A Medicinal
Chemistry Perspective. J. Med. Chem. 2017, 60, 7213–7232. [CrossRef] [PubMed]

58. Yuan, G.; Si, G.; Hou, Q.; Li, Z.; Xu, K.; Wang, Y.; Wang, W.; Xu, X.; Zhang, L.; Sun, X.; et al. Advanced Glycation End Products
Induce Proliferation and Migration of Human Aortic Smooth Muscle Cells through PI3K/AKT Pathway. Biomed. Res. Int. 2020,
2020, 8607418. [CrossRef] [PubMed]

59. Kitada, M.; Zhang, Z.; Mima, A.; King, G.L. Molecular mechanisms of diabetic vascular complications. J. Diabetes Investig. 2010, 1,
77–89. [CrossRef]

https://doi.org/10.3390/ijms27062660

https://doi.org/10.1080/15548627.2022.2074778
https://doi.org/10.1080/15548627.2019.1569913
https://doi.org/10.2337/db14-0784
https://doi.org/10.1038/s41598-025-12612-4
https://doi.org/10.1016/j.exer.2006.03.024
https://www.ncbi.nlm.nih.gov/pubmed/16750827
https://doi.org/10.1155/2017/7839101
https://www.ncbi.nlm.nih.gov/pubmed/29238721
https://doi.org/10.1038/s41392-023-01400-z
https://www.ncbi.nlm.nih.gov/pubmed/37037849
https://doi.org/10.1038/414813a
https://doi.org/10.2337/diabetes.54.6.1615
https://doi.org/10.1161/CIRCRESAHA.116.302855
https://doi.org/10.3390/ijms26073016
https://doi.org/10.1186/s40842-025-00247-3
https://www.ncbi.nlm.nih.gov/pubmed/41382274
https://doi.org/10.1016/j.cbi.2014.10.007
https://www.ncbi.nlm.nih.gov/pubmed/25451566
https://doi.org/10.1152/physrev.00043.2019
https://www.ncbi.nlm.nih.gov/pubmed/32730113
https://doi.org/10.1172/JCI11235
https://doi.org/10.3389/fmed.2025.1509884
https://doi.org/10.3389/fcvm.2025.1618343
https://doi.org/10.1124/jpet.106.106666
https://doi.org/10.1161/hh0102.102359
https://www.ncbi.nlm.nih.gov/pubmed/11786526
https://doi.org/10.1002/mnfr.201900934
https://doi.org/10.3390/nu14122421
https://doi.org/10.1111/j.1476-5381.2009.00309.x
https://doi.org/10.1161/01.HYP.0000111829.46090.92
https://doi.org/10.1021/acs.jmedchem.7b00058
https://www.ncbi.nlm.nih.gov/pubmed/28482155
https://doi.org/10.1155/2020/8607418
https://www.ncbi.nlm.nih.gov/pubmed/32733959
https://doi.org/10.1111/j.2040-1124.2010.00018.x
https://doi.org/10.3390/ijms27062660


Int. J. Mol. Sci. 2026, 27, 2660 16 of 18

60. Liu, J.; Pan, S.; Wang, X.; Liu, Z.; Zhang, Y. Role of advanced glycation end products in diabetic vascular injury: Molecular
mechanisms and therapeutic perspectives. Eur. J. Med. Res. 2023, 28, 553. [CrossRef]

61. Li, H.; Zhang, X.; Guan, X.; Cui, X.; Wang, Y.; Chu, H.; Cheng, M. Advanced glycation end products impair the migration,
adhesion and secretion potentials of late endothelial progenitor cells. Cardiovasc. Diabetol. 2012, 11, 46. [CrossRef]

62. Zhang, Z.; Zhao, Z.; Huang, X.; Zhou, L.; Jiang, X.; Wu, H.; Liu, C.; Huang, K.; Wen, J.; Liu, Y.; et al. Galectin-3-integrin α5β1
phase separation disrupted by advanced glycation end-products impairs diabetic wound healing in rodents. Nat. Commun. 2025,
16, 7287. [CrossRef] [PubMed]

63. He, W.; Zhang, J.; Gan, T.Y.; Xu, G.J.; Tang, B.P. Advanced glycation end products induce endothelial-to-mesenchymal transition
via downregulating Sirt 1 and upregulating TGF-β in human endothelial cells. Biomed. Res. Int. 2015, 2015, 684242. [CrossRef]
[PubMed]

64. Ma, J.; Liu, T.; Dong, X. Advanced glycation end products of bovine serum albumin-induced endothelial-to-mesenchymal
transition in cultured human and monkey endothelial cells via protein kinase B signaling cascades. Mol. Vis. 2010, 16, 2669–2679.
[PubMed]

65. Ando, R.; Ueda, S.; Yamagishi, S.; Miyazaki, H.; Kaida, Y.; Kaifu, K.; Yokoro, M.; Nakayama, Y.; Obara, N.; Fukami, K.; et al.
Involvement of advanced glycation end product-induced asymmetric dimethylarginine generation in endothelial dysfunction.
Diabetes Vasc. Dis. Res. 2013, 10, 436–441. [CrossRef]

66. Nieuwdorp, M.; Mooij, H.L.; Kroon, J.; Atasever, B.; Spaan, J.A.; Ince, C.; Holleman, F.; Diamant, M.; Heine, R.J.; Hoekstra, J.B.;
et al. Endothelial glycocalyx damage coincides with microalbuminuria in type 1 diabetes. Diabetes 2006, 55, 1127–1132. [CrossRef]

67. Nishikawa, T.; Edelstein, D.; Du, X.L.; Yamagishi, S.; Matsumura, T.; Kaneda, Y.; Yorek, M.A.; Beebe, D.; Oates, P.J.; Hammes, H.P.;
et al. Normalizing mitochondrial superoxide production blocks three pathways of hyperglycaemic damage. Nature 2000, 404,
787–790. [CrossRef]

68. Korshunov, S.S.; Skulachev, V.P.; Starkov, A.A. High protonic potential actuates a mechanism of production of reactive oxygen
species in mitochondria. FEBS Lett. 1997, 416, 15–18. [CrossRef]

69. Shaito, A.; Aramouni, K.; Assaf, R.; Parenti, A.; Orekhov, A.; Yazbi, A.E.; Pintus, G.; Eid, A.H. Oxidative Stress-Induced
Endothelial Dysfunction in Cardiovascular Diseases. Front. Biosci. 2022, 27, 105. [CrossRef]

70. Sena, C.M.; Leandro, A.; Azul, L.; Seica, R.; Perry, G. Vascular Oxidative Stress: Impact and Therapeutic Approaches. Front.
Physiol. 2018, 9, 1668. [CrossRef]

71. Chen, J.Y.; Ye, Z.X.; Wang, X.F.; Chang, J.; Yang, M.W.; Zhong, H.H.; Hong, F.F.; Yang, S.L. Nitric oxide bioavailability dysfunction
involves in atherosclerosis. Biomed. Pharmacother. 2018, 97, 423–428. [CrossRef] [PubMed]

72. Dinh, Q.N.; Drummond, G.R.; Sobey, C.G.; Chrissobolis, S. Roles of inflammation, oxidative stress, and vascular dysfunction in
hypertension. Biomed. Res. Int. 2014, 2014, 406960. [CrossRef] [PubMed]

73. Prajapat, S.K.; Maharana, K.C.; Singh, S. Mitochondrial dysfunction in the pathogenesis of endothelial dysfunction. Mol. Cell.
Biochem. 2024, 479, 1999–2016. [CrossRef]

74. Zima, A.V.; Blatter, L.A. Redox regulation of cardiac calcium channels and transporters. Cardiovasc. Res. 2006, 71, 310–321.
[CrossRef] [PubMed]

75. Xu, X.; Pang, Y.; Fan, X. Mitochondria in oxidative stress, inflammation and aging: From mechanisms to therapeutic advances.
Signal Transduct. Target. Ther. 2025, 10, 190. [CrossRef]

76. Sergi, D.; Naumovski, N.; Heilbronn, L.K.; Abeywardena, M.; O’Callaghan, N.; Lionetti, L.; Luscombe-Marsh, N. Mitochondrial
(Dys)function and Insulin Resistance: From Pathophysiological Molecular Mechanisms to the Impact of Diet. Front. Physiol. 2019,
10, 449821. [CrossRef]

77. Shenouda, S.M.; Widlansky, M.E.; Chen, K.; Xu, G.; Holbrook, M.; Tabit, C.E.; Hamburg, N.M.; Frame, A.A.; Caiano, T.L.; Kluge,
M.A.; et al. Altered mitochondrial dynamics contributes to endothelial dysfunction in diabetes mellitus. Circulation 2011, 124,
444–453. [CrossRef]

78. Durand, M.J.; Ait-Aissa, K.; Levchenko, V.; Staruschenko, A.; Gutterman, D.D.; Beyer, A.M. Visualization and quantification of
mitochondrial structure in the endothelium of intact arteries. Cardiovasc. Res. 2019, 115, 1546–1556. [CrossRef]

79. Chen, W.; Zhao, H.; Li, Y. Mitochondrial dynamics in health and disease: Mechanisms and potential targets. Signal Transduct.
Target. Ther. 2023, 8, 333. [CrossRef]

80. Yu, T.; Robotham, J.L.; Yoon, Y. Increased production of reactive oxygen species in hyperglycemic conditions requires dynamic
change of mitochondrial morphology. Proc. Natl. Acad. Sci. USA 2006, 103, 2653–2658. [CrossRef]

81. Kim, Y.M.; Youn, S.W.; Sudhahar, V.; Das, A.; Chandhri, R.; Cuervo Grajal, H.; Kweon, J.; Leanhart, S.; He, L.; Toth, P.T.; et al.
Redox Regulation of Mitochondrial Fission Protein Drp1 by Protein Disulfide Isomerase Limits Endothelial Senescence. Cell Rep.
2018, 23, 3565–3578. [CrossRef]

82. Caja, S.; Enriquez, J.A. Mitochondria in endothelial cells: Sensors and integrators of environmental cues. Redox Biol. 2017, 12,
821–827. [CrossRef]

https://doi.org/10.3390/ijms27062660

https://doi.org/10.1186/s40001-023-01431-w
https://doi.org/10.1186/1475-2840-11-46
https://doi.org/10.1038/s41467-025-62320-w
https://www.ncbi.nlm.nih.gov/pubmed/40775187
https://doi.org/10.1155/2015/684242
https://www.ncbi.nlm.nih.gov/pubmed/25710021
https://www.ncbi.nlm.nih.gov/pubmed/21179235
https://doi.org/10.1177/1479164113486662
https://doi.org/10.2337/diabetes.55.04.06.db05-1619
https://doi.org/10.1038/35008121
https://doi.org/10.1016/S0014-5793(97)01159-9
https://doi.org/10.31083/j.fbl2703105
https://doi.org/10.3389/fphys.2018.01668
https://doi.org/10.1016/j.biopha.2017.10.122
https://www.ncbi.nlm.nih.gov/pubmed/29091892
https://doi.org/10.1155/2014/406960
https://www.ncbi.nlm.nih.gov/pubmed/25136585
https://doi.org/10.1007/s11010-023-04835-8
https://doi.org/10.1016/j.cardiores.2006.02.019
https://www.ncbi.nlm.nih.gov/pubmed/16581043
https://doi.org/10.1038/s41392-025-02253-4
https://doi.org/10.3389/fphys.2019.00532
https://doi.org/10.1161/CIRCULATIONAHA.110.014506
https://doi.org/10.1093/cvr/cvy294
https://doi.org/10.1038/s41392-023-01547-9
https://doi.org/10.1073/pnas.0511154103
https://doi.org/10.1016/j.celrep.2018.05.054
https://doi.org/10.1016/j.redox.2017.04.021
https://doi.org/10.3390/ijms27062660


Int. J. Mol. Sci. 2026, 27, 2660 17 of 18

83. Wang, W.; Wang, Y.; Long, J.; Wang, J.; Haudek, S.B.; Overbeek, P.; Chang, B.H.; Schumacker, P.T.; Danesh, F.R. Mitochondrial
fission triggered by hyperglycemia is mediated by ROCK1 activation in podocytes and endothelial cells. Cell Metab. 2012, 15,
186–200. [CrossRef]

84. Shi, Y.; Fan, S.; Wang, D.; Huyan, T.; Chen, J.; Chen, J.; Su, J.; Li, X.; Wang, Z.; Xie, S.; et al. FOXO1 inhibition potentiates
endothelial angiogenic functions in diabetes via suppression of ROCK1/Drp1-mediated mitochondrial fission. Biochim. Biophys.
Acta Mol. Basis Dis. 2018, 1864, 2481–2494. [CrossRef]

85. Luo, A.; Wang, R.; Gong, J.; Wang, S.; Yun, C.; Chen, Z.; Jiang, Y.; Liu, X.; Dai, H.; Liu, H.; et al. Syntaxin 17 Translocation
Mediated Mitophagy Switching Drives Hyperglycemia-Induced Vascular Injury. Adv. Sci. 2025, 12, e2414960. [CrossRef]

86. Kuriakose, J.; Montezano, A.C.; Touyz, R.M. ACE2/Ang-(1-7)/Mas1 axis and the vascular system: Vasoprotection to COVID-19-
associated vascular disease. Clin. Sci. 2021, 135, 387–407. [CrossRef] [PubMed]

87. Bindom, S.M.; Lazartigues, E. The sweeter side of ACE2: Physiological evidence for a role in diabetes. Mol. Cell. Endocrinol. 2009,
302, 193–202. [CrossRef]

88. Giacchetti, G.; Sechi, L.A.; Rilli, S.; Carey, R.M. The renin-angiotensin-aldosterone system, glucose metabolism and diabetes.
Trends Endocrinol. Metab. 2005, 16, 120–126. [CrossRef] [PubMed]

89. D’Onofrio, N.; Scisciola, L.; Sardu, C.; Trotta, M.C.; De Feo, M.; Maiello, C.; Mascolo, P.; De Micco, F.; Turriziani, F.; Municino, E.;
et al. Glycated ACE2 receptor in diabetes: Open door for SARS-CoV-2 entry in cardiomyocyte. Cardiovasc. Diabetol. 2021, 20, 99.
[CrossRef]

90. Marfella, R.; D’Onofrio, N.; Mansueto, G.; Grimaldi, V.; Trotta, M.C.; Sardu, C.; Sasso, F.C.; Scisciola, L.; Amarelli, C.; Esposito, S.;
et al. Glycated ACE2 reduces anti-remodeling effects of renin-angiotensin system inhibition in human diabetic hearts. Cardiovasc.
Diabetol. 2022, 21, 146. [CrossRef] [PubMed]

91. Chen, J.; Zhang, W.; Xu, Q.; Zhang, J.; Chen, W.; Xu, Z.; Li, C.; Wang, Z.; Zhang, Y.; Zhen, Y.; et al. Ang-(1-7) protects HUVECs
from high glucose-induced injury and inflammation via inhibition of the JAK2/STAT3 pathway. Int. J. Mol. Med. 2018, 41,
2865–2878. [CrossRef] [PubMed]

92. Correale, M.; Mercurio, V.; Bevere, E.M.L.; Pezzuto, B.; Tricarico, L.; Attanasio, U.; Raucci, A.; Ferrara, A.L.; Loffredo, S.; Puteo, C.;
et al. Pathophysiology of Pulmonary Arterial Hypertension: Focus on Vascular Endothelium as a Potential Therapeutic Target.
Int. J. Mol. Sci. 2025, 26, 9631. [CrossRef] [PubMed]

93. Shen, H.; Zhang, J.; Wang, C.; Jain, P.P.; Xiong, M.; Shi, X.; Lei, Y.; Chen, S.; Yin, Q.; Thistlethwaite, P.A.; et al. MDM2-Mediated
Ubiquitination of Angiotensin-Converting Enzyme 2 Contributes to the Development of Pulmonary Arterial Hypertension.
Circulation 2020, 142, 1190–1204. [CrossRef] [PubMed]

94. Salem, E.S.; Grobe, N.; Elased, K.M. Insulin treatment attenuates renal ADAM17 and ACE2 shedding in diabetic Akita mice. Am.
J. Physiol. Renal Physiol. 2014, 306, F629–F639. [CrossRef]

95. Thomas, M.C.; Pickering, R.J.; Tsorotes, D.; Koitka, A.; Sheehy, K.; Bernardi, S.; Toffoli, B.; Nguyen-Huu, T.P.; Head, G.A.; Fu, Y.;
et al. Genetic Ace2 deficiency accentuates vascular inflammation and atherosclerosis in the ApoE knockout mouse. Circ. Res.
2010, 107, 888–897. [CrossRef]

96. Pena Silva, R.A.; Chu, Y.; Miller, J.D.; Mitchell, I.J.; Penninger, J.M.; Faraci, F.M.; Heistad, D.D. Impact of ACE2 deficiency and
oxidative stress on cerebrovascular function with aging. Stroke 2012, 43, 3358–3363. [CrossRef]

97. Lu, C.L.; Wang, Y.; Yuan, L.; Li, Y.; Li, X.Y. The angiotensin-converting enzyme 2/angiotensin (1-7)/Mas axis protects the function
of pancreatic β cells by improving the function of islet microvascular endothelial cells. Int. J. Mol. Med. 2014, 34, 1293–1300.
[CrossRef]

98. Bindom, S.M.; Hans, C.P.; Xia, H.; Boulares, A.H.; Lazartigues, E. Angiotensin I-converting enzyme type 2 (ACE2) gene therapy
improves glycemic control in diabetic mice. Diabetes 2010, 59, 2540–2548. [CrossRef]

99. Lu, Y.; Xing, C.; Lv, X.; Zhang, C.; Liu, G.; Chen, F.; Hou, Z.; Zhang, D. Changes of ACE2 in different glucose metabolites and its
relationship with COVID-19. Medicine 2022, 101, e31102. [CrossRef]

100. Ren, Y.; Xie, W.; Yang, S.; Jiang, Y.; Wu, D.; Zhang, H.; Sheng, S. Angiotensin-converting enzyme 2 inhibits inflammation and
apoptosis in high glucose-stimulated microvascular endothelial cell damage by regulating the JAK2/STAT3 signaling pathway.
Bioengineered 2022, 13, 10802–10810. [CrossRef]

101. Dominguez, J.M., 2nd; Hu, P.; Caballero, S.; Moldovan, L.; Verma, A.; Oudit, G.Y.; Li, Q.; Grant, M.B. Adeno-Associated Virus
Overexpression of Angiotensin-Converting Enzyme-2 Reverses Diabetic Retinopathy in Type 1 Diabetes in Mice. Am. J. Pathol.
2016, 186, 1688–1700. [CrossRef]

102. Duan, Y.; Beli, E.; Li Calzi, S.; Quigley, J.L.; Miller, R.C.; Moldovan, L.; Feng, D.; Salazar, T.E.; Hazra, S.; Al-Sabah, J.; et al. Loss of
Angiotensin-Converting Enzyme 2 Exacerbates Diabetic Retinopathy by Promoting Bone Marrow Dysfunction. Stem Cells 2018,
36, 1430–1440. [CrossRef]

103. Bahreini, E.; Rezaei-Chianeh, Y.; Nabi-Afjadi, M. Molecular Mechanisms Involved in Intrarenal Renin-Angiotensin and Alternative
Pathways in Diabetic Nephropathy—A Review. Rev. Diabet. Stud. 2021, 17, 1–10. [CrossRef]

https://doi.org/10.3390/ijms27062660

https://doi.org/10.1016/j.cmet.2012.01.009
https://doi.org/10.1016/j.bbadis.2018.04.005
https://doi.org/10.1002/advs.202414960
https://doi.org/10.1042/CS20200480
https://www.ncbi.nlm.nih.gov/pubmed/33511992
https://doi.org/10.1016/j.mce.2008.09.020
https://doi.org/10.1016/j.tem.2005.02.003
https://www.ncbi.nlm.nih.gov/pubmed/15808810
https://doi.org/10.1186/s12933-021-01286-7
https://doi.org/10.1186/s12933-022-01573-x
https://www.ncbi.nlm.nih.gov/pubmed/35932065
https://doi.org/10.3892/ijmm.2018.3507
https://www.ncbi.nlm.nih.gov/pubmed/29484371
https://doi.org/10.3390/ijms26199631
https://www.ncbi.nlm.nih.gov/pubmed/41096896
https://doi.org/10.1161/CIRCULATIONAHA.120.048191
https://www.ncbi.nlm.nih.gov/pubmed/32755395
https://doi.org/10.1152/ajprenal.00516.2013
https://doi.org/10.1161/CIRCRESAHA.110.219279
https://doi.org/10.1161/STROKEAHA.112.667063
https://doi.org/10.3892/ijmm.2014.1917
https://doi.org/10.2337/db09-0782
https://doi.org/10.1097/MD.0000000000031102
https://doi.org/10.1080/21655979.2022.2065760
https://doi.org/10.1016/j.ajpath.2016.01.023
https://doi.org/10.1002/stem.2848
https://doi.org/10.1900/RDS.2021.17.1
https://doi.org/10.3390/ijms27062660


Int. J. Mol. Sci. 2026, 27, 2660 18 of 18

104. Cho, M.E.; Brunt, V.E.; Shiu, Y.T.; Bunsawat, K. Endothelial dysfunction in chronic kidney disease: A clinical perspective. Am. J.
Physiol. Heart Circ. Physiol. 2025, 329, H135–H153. [CrossRef]

105. Werner, C.; Baumhakel, M.; Teo, K.K.; Schmieder, R.; Mann, J.; Unger, T.; Yusuf, S.; Bohm, M. RAS blockade with ARB and ACE
inhibitors: Current perspective on rationale and patient selection. Clin. Res. Cardiol. 2008, 97, 418–431. [CrossRef]

106. Ram, C.V. Reappraisal of role of angiotensin receptor blockers in cardiovascular protection. Vasc. Health Risk Manag. 2011, 7,
315–319. [CrossRef]

107. Li, E.C.; Heran, B.S.; Wright, J.M. Angiotensin converting enzyme (ACE) inhibitors versus angiotensin receptor blockers for
primary hypertension. Cochrane Database Syst. Rev. 2014, 2014, CD009096. [CrossRef] [PubMed]

108. Miura, S.; Karnik, S.S.; Saku, K. Review: Angiotensin II type 1 receptor blockers: Class effects versus molecular effects. J. Renin-
Angiotensin-Aldosterone Syst. 2011, 12, 1–7. [CrossRef] [PubMed]

109. Srinivasa, S.; Kaur, S.; Dharani, A.; Choi, E.; Kalidas, A.; Slater, R.; Mifflin, S. Clinical Outcomes of Angiotensin Converting Enzyme
Inhibitors and Angiotensin II Receptor Blockers in COVID-19 Patients with Pre-existing Cardiac Comorbidities: A Literature
Review. Cureus 2023, 15, e51244. [CrossRef] [PubMed]

110. Hao, G.; Wang, Z.; Guo, R.; Chen, Z.; Wang, X.; Zhang, L.; Li, W. Effects of ACEI/ARB in hypertensive patients with type 2 diabetes
mellitus: A meta-analysis of randomized controlled studies. BMC Cardiovasc. Disord. 2014, 14, 148. [CrossRef]

111. Harrington, J.L.; Canonico, M.E.; El Rafei, A.; Solomon, S.D.; Teerlink, J.R.; Vaduganathan, M.; Zieroth, S.R.; Bonaca, M.P.; Sauer,
A.J. Nonsteroidal and Steroidal Mineralocorticoid Antagonists: Rationale, Evidence, and Unanswered Questions. JACC Heart Fail.
2025, 13, 102637. [CrossRef]

112. Garg, R.; Rao, A.D.; Baimas-George, M.; Hurwitz, S.; Foster, C.; Shah, R.V.; Jerosch-Herold, M.; Kwong, R.Y.; Di Carli, M.F.;
Adler, G.K. Mineralocorticoid receptor blockade improves coronary microvascular function in individuals with type 2 diabetes.
Diabetes 2015, 64, 236–242. [CrossRef]

113. Wang, W.; Qin, J.J.; Rajaei, M.; Li, X.; Yu, X.; Hunt, C.; Zhang, R. Targeting MDM2 for novel molecular therapy: Beyond oncology.
Med. Res. Rev. 2020, 40, 856–880. [CrossRef] [PubMed]

114. Lodi, G.; Gentili, V.; Casciano, F.; Romani, A.; Zauli, G.; Secchiero, P.; Zauli, E.; Simioni, C.; Beltrami, S.; Fernandez, M.; et al. Cell
cycle block by p53 activation reduces SARS-CoV-2 release in infected alveolar basal epithelial A549-hACE2 cells. Front. Pharmacol.
2022, 13, 1018761. [CrossRef] [PubMed]

115. Secchiero, P.; Corallini, F.; Gonelli, A.; Dell’Eva, R.; Vitale, M.; Capitani, S.; Albini, A.; Zauli, G. Antiangiogenic activity of the
MDM2 antagonist nutlin-3. Circ. Res. 2007, 100, 61–69. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27062660

https://doi.org/10.1152/ajpheart.00908.2024
https://doi.org/10.1007/s00392-008-0668-3
https://doi.org/10.2147/VHRM.S15787
https://doi.org/10.1002/14651858.CD009096.pub2
https://www.ncbi.nlm.nih.gov/pubmed/25148386
https://doi.org/10.1177/1470320310370852
https://www.ncbi.nlm.nih.gov/pubmed/20603272
https://doi.org/10.7759/cureus.51244
https://www.ncbi.nlm.nih.gov/pubmed/38283421
https://doi.org/10.1186/1471-2261-14-148
https://doi.org/10.1016/j.jchf.2025.102637
https://doi.org/10.2337/db14-0670
https://doi.org/10.1002/med.21637
https://www.ncbi.nlm.nih.gov/pubmed/31587329
https://doi.org/10.3389/fphar.2022.1018761
https://www.ncbi.nlm.nih.gov/pubmed/36582523
https://doi.org/10.1161/01.RES.0000253975.76198.ff
https://www.ncbi.nlm.nih.gov/pubmed/17138942
https://doi.org/10.3390/ijms27062660

	Introduction 
	Endothelial Dysfunction and Vascular Disease 
	Hyperglycemia and Endothelial Dysfunction 
	Molecular Mechanisms of Hyperglycemia-Induced Cellular Damage 
	The Activation of the Polyol and the Hexosamine Pathways 
	Hyperglycemia-Induced Protein Kinase C Activation 
	The Formation of Advanced Glycation End Products 
	Oxidative Stress and Mitochondrial Dysfunction 

	Renin-Angiotensin System Regulation in Hyperglycemia 
	The Protective Role of ACE2 in Endothelial Dysfunction 
	RAS and ACE2 as Therapeutic Targets for Endothelial Dysfunction 
	Conclusions 
	References

