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Abstract

As a vital component of blood vessels, endothelial cells play a key role in maintaining overall physiological function by
residing between circulating blood and semi-solid tissue. Various stress stimuli can induce endothelial injury, leading to
the onset of corresponding diseases in the body. In recent years, the importance of mitochondria in vascular endothelial
injury has become increasingly apparent. Mitochondria, as the primary site of cellular aerobic respiration and the organelle
for “energy information transfer,” can detect endothelial cell damage by integrating and receiving various external stress
signals. The generation of reactive oxygen species (ROS) and mitochondrial dysfunction often determine the evolution of
endothelial cell injury towards necrosis or apoptosis. Therefore, mitochondria are closely associated with endothelial cell
function, helping to determine the progression of clinical diseases. This article comprehensively reviews the interconnec-
tion and pathogenesis of mitochondrial-induced vascular endothelial cell injury in cardiovascular diseases, renal diseases,
pulmonary-related diseases, cerebrovascular diseases, and microvascular diseases associated with diabetes. Correspond-
ing therapeutic approaches are also provided. Additionally, strategies for using clinical drugs to treat vascular endothelial
injury-based diseases are discussed, aiming to offer new insights and treatment options for the clinical diagnosis of related
vascular injuries.

Keywords Vascular endothelial injury - Mitochondria dysfunction - Clinical disease - Pathogenesis - Therapeutic
strategies

Introduction

Endothelial cells (ECs), constituting the flattened endothe-
lial tissue covering the inner layers of the heart, blood ves-
sels, and lymphatic vessels, serve as both mechanical and
biological barriers to blood flow [1]. The main functions of
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ECs include conduit transportation and barrier protection,
nutrient support, and regulation of vascular tone as a para-
crine organ. These three functions are synergistic [2]. Under
normal conditions, the impermeable endothelium acts as a
selective barrier, facilitating nutrient transport. However,
endothelial barrier dysfunction can lead to extravasation of
nutrients, leukocytes and platelets [2]. Furthermore, under
local stimulation, ECs secrete potent vasoconstrictors,
endothelin and leukotriene C4, and vasodilators nitric oxide
(NO) and prostacyclin (PGI2), impacting vascular smooth
muscle tone [3]. Past studies have demonstrated the crucial
role of ECs in maintaining vascular homeostasis. EC loss
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leads to vascular dysfunction, contributing to early events
in atherosclerosis, hypertension, and diabetes [3]. In recent
years, there has been increasing recognition of the impor-
tance of mitochondria in vascular endothelium damage.

Mitochondria are the main sites of cellular aerobic res-
piration. Reactive oxygen species (ROS) production by
mitochondria and mitochondrial dysfunction often deter-
mine the evolution of EC injury toward necrosis or apop-
tosis [4]. Therefore, mitochondrial homeostasis determines
whether ECs are normal or injured. Previous research has
established the importance of mitochondrial dynamics and
mitophagy in endothelial mitochondrial homeostasis [5-8].
Mitochondrial dynamics involve mitochondrial fission and
fusion. Mitochondrial fission permits isolation and subse-
quent degradation of damaged depolarized mitochondria,
whereas mitochondrial fusion dilutes potentially harmful
components [9]. Mitochondrial division is mainly controlled
by dynamin-related protein 1 (Drpl) and fission 1 protein
(Fis1); whereas fusion is controlled by mitofusin 1 and 2
(Mfn 1 and 2) [10]. Abnormal expression of control proteins
leads to abnormal mitochondrial division and fusion. Aber-
rant mitochondrial fission leads to insufficient mitochondrial
numbers, hindering EC metabolism and proliferation [11].
On the other hand, abnormal mitochondrial fusion results in
an inability to exchange genetic material and metabolic sub-
strates between different mitochondria, thereby compromis-
ing mitochondrial stability and integrity [12]. Mitophagy, a
lysosome-mediated process of mitochondrial self-clearance,
is essential for maintaining the stability and function of the
entire mitochondrial network [13]. Dysregulated mitophagy
fails to degrade damaged mitochondria, further destabiliz-
ing mitochondrial structure and function. Thus, mitochon-
drial dysfunction-induced endothelial injury may represent
an early event in many vascular-related diseases.

This article comprehensively reviews the pathogen-
esis of mitochondrial-induced vascular endothelial injury
in cardiovascular diseases, pulmonary vascular diseases,
kidney-related vascular diseases, cerebrovascular diseases,
and microvascular diseases associated with diabetes. Fur-
thermore, it provides corresponding therapeutic strategies,
including the use of clinical drugs, aiming to offer novel
insights and treatment approaches for the clinical diagnosis
of related vascular injuries.

Cardiovascular diseases

Cardiac endothelial cells are one of the main cellular com-
ponents of the heart, and there is at least one capillary in the
vicinity of each cardiomyocyte (Fig. 1A), snaking around
each cardiomyocyte (Fig. 1B) and playing an important
“plumbing” role (Fig. 1C) [2]. Endothelial dysfunction has
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been identified as a major mediator of cardiovascular dis-
eases and is closely related to mitochondrial abnormalities
that regulate the structure and function of endothelial cells
themselves. Under conditions of oxygen-glucose depriva-
tion/reoxygenation (OGD/R) injury, cardiac microvascular
ECs (CMECs) undergo mitochondrial fission leading to
cytochrome C release (cytochrome C is released from the
mitochondria into the cytoplasm of the CMECs) resulting in
activation of mitochondria-dependent apoptotic pathways
[14]. This was evidenced by the reduced co-localization of
mitochondria and cytochrome C (Fig. 1D). Meanwhile, car-
diovascular illness may result in endothelial mitochondrial
dysfunction, which harms endothelial cells and exacerbates
cardiovascular conditions. Previous studies have shown that
mitochondrial damage after myocardial infarction induces
vascular inflammation further impairing cardiovascular
health [17]. Acute myocardial ischemia results in oxidative
damage to ECs’ mitochondria, which subsequently activate
GABARAPL1-induced NLRP3 Inflammasomes via an
Autophagic-Exosome Manner. The NLRP3 Inflammasomes
stimulus induces the proliferation of monocytes and neutro-
phils, which ultimately leads to vascular inflammation [17].

Deacetylase sirtuin, ionic homeostasis, and several other
factors have important effects on cardiovascular endothelial
cell mitochondria. This section summarizes the mechanisms
of influence and treatment related to these factors.

Deacetylase sirtuin

The Sirtuin family is the first discovered class III HDAC.
They all possess a highly conserved nicotinamide ade-
nine dinucleotide (NAD+) binding domain and a cata-
lytic domain, while different N-terminal and C-terminal
structures allow them to bind to different substrates [18].
SIRT1 and SIRT3 are two well-characterized cardioprotec-
tive isoforms [19]. SIRT1, as the most extensively studied
star molecule in the family, participates in various mecha-
nisms including metabolism, immune response, and aging
regulation. It regulates nuclear-encoded proteins involved
in mitochondrial biogenesis and can directly control the
expression of mitochondrial genes. Studies have shown
that overexpression of SIRT1 can prevent cardiomyocytes
from suffering myocardial I/R injury-induced cell death and
oxidative stress damage [20]. Furthermore, activation of
the adenosine 5’-monophosphate (AMP)-activated protein
kinase (AMPK)/SIRT1/peroxisome proliferator-activated
receptor y coactivator 1-alpha (PGC-1a) pathway is essen-
tial in mitigating mitochondrial oxidative stress damage
[21]. The upstream regulatory protein of SIRT, AMPK, has
been reported to be activated during myocardial I/R injury,
exerting protective effects by regulating various meta-
bolic pathways, including mitochondrial function [22, 23].
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Fig. 1 Mitochondria affect endothelial cell function during normal
physiological processes. (A-C), Fluorescence living cell images of
rat left ventricular myocardium. Endothelial cells were stained with
fluorescent-labeled lectin (green) and multiphoton microscopy showed
that endothelial cells meandered around and around cardiomyocytes
(blue), playing an important role as “conduits” and also regulat-
ing mitochondrial activity in cardiomyocytes. (A), Low magnifica-
tion illustrates the degree of myocardial vascularization. Scale bars:
100 pm. (B), Different colors from green to red represent different
depths of endothelium and cardiac myocytes in blue shown at 6 um
depth. Scale bars: 20 pm. (C), Fluorescence images at high magnifica-
tion, NAD(P)H autofluorescence could be detected from endothelial-
mitochondria (arrow). Scale bars: 10 pm. Copyright 2007, Reprinted
with from permission from Wolters Kluwer Health, Inc [2]. D Under
conditions of oxygen-glucose deprivation/reoxygenation (OGD/R)
injury, cardiac microvascular ECs (CMECs) undergo mitochondrial
fission leading to cytochrome C release, resulting in activation of
mitochondria-dependent apoptotic pathways. The analysis of colocal-

ization between mitochondria and cytochrome C was performed by
immunostaining of cytochrome C (green) and Tomm20 (red). Cyt-C:
cytochrome C. Scale bars: 10 um. Copyright 2021, Reprinted with
from permission from Springer Nature Publishing Group [14]. (E)
Mitochondrial Ca®* accumulation can trigger the opening of high-con-
ductance pores and permeability transition in the inner mitochondrial
membrane (IMM). Copyright 2015, Reprinted with from permission
from Elsevier B.V. [15]. (F) Diagram showing the possible mecha-
nisms of iron overload induced VEC damage. Excessive free iron
ions produce excessive ROS in the cytoplasm that inhibit DDAHII
and accumulate ADMA. ADMA not only competitively inhibits eNOS
activity, but also induces the decoupling of eNOS to produce more
ROS, which leads to a vicious cycle. In addition, excessive ROS enter
mitochondria and activate RIRR mechanism, which these two cycles
together induce mitochondrial dysfunction and VEC damage. Copy-
right 2019, Reprinted with from permission from Hindawi Publishing
Group [16]
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Specifically, AMPK activation induces SIRT1 to regulate
PGCla activity, thereby reducing mitochondrial oxidative
stress damage [22]. The therapeutic drug, Xinmai’an tab-
lets, composed of six traditional Chinese medicines, can
reduce myocardial infarct size, alleviate myocardial and
endothelial injury, and protect the heart by acting through
the AMPK/SIRT1/PGC-1 pathway [21]. p66Shc stimulates
mitochondrial ROS production through its oxidoreductase
activity, while SIRT 1 negatively regulates p66Shc expres-
sion at the transcriptional level to suppress the effects of
ROS, protecting ECs from oxidative damage [24]. The
specific mechanism involves SIRT1 binding to the p66Shc
promoter, leading to histone H3 deacetylation, thereby
attenuating p66Shc transcription and translation [24].
SIRT3 serves as a primary regulator of mitochondrial energy
metabolism, influencing mitochondrial respiratory function
through cytochrome C (CytC) [18]. Sirt3 deficiency may
result in mitochondrial protein hyperacetylation, promot-
ing endothelial dysfunction, increasing smooth muscle cell
hypertrophy, inducing vascular inflammation, and trigger-
ing age-dependent hypertension [25]. Animal experiments
have shown that decreased expression of Sirt3 leads to
vascular dysfunction and hypertension [26]. Recent studies
have found lower levels of the mitochondrial deacetylase,
sirtuin (Sirt) 3, in hypertensive patients compared to normal
individuals [27].

lonic homeostasis

Disruption of ionic homeostasis can lead to mitochondrial
dysfunction. In recent years, increasing evidence suggests
that mitochondrial dysfunction caused by mitochondrial
calcium overload leads to endothelial dysfunction and car-
diomyocyte apoptosis [28-30]. Mitochondrial Ca** accu-
mulation can trigger the opening of high-conductance pores
in the inner mitochondrial membrane (IMM) (Fig. 1E). This
phenomenon is known as mitochondrial permeability transi-
tion (MPT). Subsequently, there is mitochondrial swelling
and rupture of the mitochondrial membrane, leading to the
release of mitochondrial proteins including cytochrome c
into the cytosol. Angiotensin II (Ang-II) stimulates vascular
endothelial cells (VECs) to secrete endothelin (ET), acti-
vating intracellular signaling pathways that open calcium
ionic channels [31]. Simultaneously, Ang-II reduces the
activity of Na+-K + ATPase, inhibiting the function of the
Na*-K* pump, ultimately leading to the opening of calcium
ion channels and massive influx of calcium ions, resulting
in calcium overload [31]. Li’s study demonstrates that tea
polyphenols protect VECs from calcium overload-induced
damage by enhancing mitochondrial membrane potential
(MMP) and reducing endothelin production and intracellu-
lar calcium levels induced by Ang-II [31]. Another study by
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Li reported the protective effect of dihydromyricetin against
vascular endothelial cell injury induced by angiotensin II
[32]. The specific mechanism involves dihydromyricetin
increasing MMP levels, reducing Ca*" levels, and lowering
Angll levels in endothelial tissue, thereby protecting VEC
mitochondria and shielding VEC from Angll-induced dam-
age [32]. In addition to Ang-II-mediated calcium overload,
hyperuricemia also leads to mitochondrial calcium overload
via the mitochondrial Na*/Ca®* exchanger [33]. In terms
of treatment, Li et al. reported the inhibitory mechanism of
Histidine triad (HIT) nucleotide-binding protein 2 (HINT2)
on mitochondrial calcium overload in CMECs [14]. HINT2
can directly interact with the mitochondrial calcium uni-
porter (MCU) complex in CMECs, inhibiting mitochon-
drial calcium overload [14]. This enhances cardiomyocyte
survival rates and protects cardiac function under ischemic
conditions.

In addition to calcium overload, mitochondrial iron over-
load can lead to mitochondrial dysfunction. Iron overload
leads to mitochondrial dysfunction in endothelial cells,
thereby damaging VECs. He et al. [16]. reported the mech-
anism by which iron overload damages endothelial mito-
chondria via the ROS/ADMA/DDAHII/eNOS/NO pathway
(Fig. 1F). On the one hand, excessive free iron ions in the
cytoplasm generate an overload of reactive oxygen spe-
cies (ROS), inhibiting DDAHII and accumulating ADMA.
ADMA not only competitively inhibits eNOS activity,
reducing NO synthesis, but also induces eNOS uncoupling,
generating more ROS, thereby establishing a vicious cycle
of ROS production [16]. On the other hand, excessive ROS
enter mitochondria, weakening mitochondrial membrane
potential (MMP), opening the mitochondrial permeability
transition pore (mPTP), activating the RIRR mechanism,
forming another vicious cycle [16]. Targeting the ROS/
ADMA/DDAHII/eNOS/NO pathway, Chen et al. found that
Luteoloside could target endothelial cell mitochondria via
the ROS/ADMA/DDAHII/eNOS/NO pathway to protect
the vascular endothelium from iron overload injury [34].
Mitoferrin 2 (Mfrn2) is an iron transport protein on the inner
membrane of mitochondria. Studies have shown that TNF-a
increases the binding of 14-3-3 epsilon (&) to Mfrn2, pre-
venting the degradation of Mfrn2, leading to mitochondrial
iron overload in ECs [35]. Silencing the Mfrn2 gene can
inhibit TNF-a-induced mitochondrial iron overload, thereby
stabilizing mitochondrial membrane potential and improv-
ing mitochondrial function [35]. The therapeutic drug,
isoliquiritigenin, is a compound similar to resveratrol, pos-
sessing potent antioxidant capabilities and cardiovascular
protective effects [36]. Research by Chen et al. suggests that
isoliquiritigenin inhibits mitochondrial iron toxicity through
the PRDX2-MFN2-ACSIl4 pathway, beneficially protecting
the cardiac microvasculature in diabetic patients [36].
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Copper also plays a crucial role in maintaining mito-
chondrial function. Research indicates that homocysteine
disrupts copper homeostasis in endothelial cells. Elevated
homocysteine levels decrease intracellular copper concen-
tration and lead to redistribution of copper among different
molecular weight fractions, limiting its availability in higher
molecular weight fractions [37]. This redistribution restricts
effective utilization of copper by key molecules, resulting
in reduced activity of cytochrome ¢ oxidase (CCO), an
essential component of the mitochondrial respiratory chain
[37]. Additionally, levels of the copper chaperone protein
COX17, closely associated with CCO, decline accordingly
[37]. COX17 is responsible for delivering copper to CCO
[38]. These changes ultimately lead to collapse of mito-
chondrial membrane potential, impairing normal mitochon-
drial function and causing damage to endothelial cells [37].

Zinc is commonly regarded as an antioxidant with cel-
lular protective properties [39]. Previous studies have
demonstrated the critical importance of zinc in endothelial
integrity, where zinc deficiency can severely compromise
endothelial barrier function [40]. Zinc ions can protect
endothelial cells by inhibiting the activation of caspase-3
subunits [39]. However, recent research suggests that zinc
ions not only have protective effects but can also impair
mitochondrial function and induce mitochondrial autophagy
in cardiomyocytes under conditions of overload [41]. Zinc
ion overload leads to decreased mitochondrial membrane
potential, reduced expression of Mfn2, increased levels of
reactive oxygen species (ROS) in both the cytoplasm and
mitochondria, resulting in mitochondrial dysfunction [41].
Zinc overload induces mitochondrial autophagy through
two pathways: activation of the PINK1/Parkin signaling
pathway and Mfn2-mediated ROS induction [41].

Other factors

Activation of some hormone receptors also induces mito-
chondrial disorders leading to cardiovascular disease.
Activation of histamine H2 receptors can elevate levels of
phospho-extracellular signal-regulated protein kinases 1 and
2 (p-ERK1/2), Bcl-2-associated X protein (Bax), phospho-
death associated protein kinase (p-DAPK2), and caspase
3, promoting myocardial mitochondrial dysfunction and
increasing cardiac endothelial permeability, thus exacerbat-
ing myocardial ischemia/reperfusion (I/R) injury [42]. Acti-
vation of mineralocorticoid receptors initiates inflammation
and fibrosis in the heart by increasing nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase and mitochon-
drial ROS production [43].

Additionally, tissue damage frequently occurs dur-
ing myocardial ischemia/reperfusion (I/R) [44]. Endo-
thelial cells contribute to this tissue damage through the

coordination of the complement cascade. Studies have
shown that endothelial cell mitochondria may be a source
of activated complement molecules during myocardial
I/R injury [44]. The mitochondria of endothelial cells may
release certain molecules that can bind to C1q molecules in
the complement cascade, thereby triggering the activation
of the classical complement pathway [44].

Cardiovascular and all-cause mortality rates in individu-
als with MetS are significantly higher than in those without
MetS [45]. Animal studies have shown that MetS can cause
substantial functional and structural damage to myocardial
microvasculature [46]. The novel mitochondria-targeted
peptide elamipretide (ELAM) targets and preserves the
mitochondrial inner membrane phospholipid cardiolipin,
which has been shown to have cardioprotective effects [47,
48]. Cardiolipin is an anionic phospholipid component of
the mitochondrial inner membrane that plays a key role in
cristae formation and mitochondrial function [49]. The per-
oxidation and loss of cardiolipin can activate the caspase
pathway and initiate apoptosis, as well as trigger the pro-
duction and release of mitochondrial reactive oxygen spe-
cies [46, 50]. The study by Yuan et al. demonstrated that
elamipretide (ELAM) can restore endothelial cell cardio-
lipin content in MetS animals (as shown in Fig. 2A), pre-
serve coronary artery EC mitochondria, and reduce vascular
damage [46].

In addition, air pollution-induced mitochondrial damage
is a major risk factor for cardiovascular disease, according
to a 2018 report by the World Health Organization [51].
Particulate matter (PM) in air pollution acts as pro-oxidants
that generate harmful electrophilic metabolites, causing
irreversible mitochondrial DNA oxidative damage, thereby
damaging mitochondrial structure [52]. This structural dam-
age can activate mitochondrial ROS production, triggering
abnormal innate immune responses and promoting inflam-
matory reactions [53]. Furthermore, damaged mitochondria
may lead to impaired oxidative phosphorylation function,
triggering myocardial hypertrophy that could have serious
implications for cardiovascular health [54]. The specific
mechanisms associated with PM leading to mitochondrial
damage are schematically shown in Fig. 2B.

Furthermore, research by Chang et al. suggests that
natural antioxidants also play a crucial role in regulating
mitochondrial protection of cardiovascular ECs against
stress-induced damage [55]. For instance, Panax notogin-
seng saponins can reduce ROS-mediated oxidative damage,
improve mitochondrial dysfunction, and inhibit cardio-
myocyte apoptosis [56]; and Ligustrazine can ameliorate
oxidative stress-induced damage in HUVECs, inhibiting
the release of cytochrome C from mitochondria to the cyto-
plasm [57].
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Fig. 2 Mitochondrial abnormalities cause damage to the cardiovas-
cular endothelium. (A), Metabolic syndrome (MetS) could induce
mitochondrial damage in endothelial cells and Elamipretide (ELAM)
restores endothelial cell cardiolipin content. Double immunofluores-
cent staining of endothelial marker CD31 (green) and mitochondrial
markers outer membrane transferase (TOM)-20(red) and mitochon-
drial inner membrane phospholipids (red) shows reduced expression
of endothelial mitochondria and cardiolipin (yellow combined) in
metabolic syndrome (METS) and normal in ELAM treated animal
models. Copyright 2018, Reprinted with from permission from Ameri-
can Physiological Society [46]. (B), Mechanism and process of mito-
chondrial dysfunction caused by particulate matter in cardiovascular
diseases. The transition metals present on the surface of particulate
matter are capable of generating both intracellular and extracellular
ROS which causes mitochondrial dysfunction. PM: Particulate Mat-
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ter, TLR4:Toll-like receptor 4, MyD88: Myeloid differentiation pri-
mary response Protein 88, TRAF6:TNF receptor associated factor
6, IKKB: Inhibitor of kappa B kinase, NF-kB: Nuclear factor kappa
B, mtDNA: Mitochondrial DNA, ACS: Acute coronary syndrome,
ROS: Reactive oxygen species, cGAS: Cyclic GMP-AMP synthase,
cGAMP: Cyclic-GMP-AMP, STING: Stimulator of interferon genes,
IRF3: Interferon regulatory Factor 3, TBK1:TANK Binding Kinase
1,MPTP: mitochondrial permeability transition pore, TLR9:Toll-like
receptor 9, MAVS: Mitochondrial antiviral signaling protein, MFN-2:
Mitofusin-2, NEK7: Never in mitosis genes related kinase 7, NLRP3:
Nucleotide-binding oligomerization domain, leucine-rich repeat and
pyrin domain-containing 3, DNMT1:DNA methyltransferase 1, TET1:
Ten-eleven translocation, eATP: Extracellular Adenosine Triphos-
phate, IL-18: Interleukin-18. Copyright 2018, Reprinted with from
permission from Elsevier B.V [51]
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Pulmonary vascular diseases

Acute lung injury (ALI)/acute respiratory distress syndrome
(ARDS) is a lung disorder with limited treatment strategies
and a high severity, with a mortality rate of 30—40% [58].
The mechanism of ALI/ARDS involves EC inflammation
and endothelial barrier dysfunction, leading to inflam-
mation infiltration, interstitial edema, alveolar filling, and
ultimately respiratory failure [59]. Memet et al. research
indicates a close association between endothelial barrier
failure and increased uncoupling protein 2 (UCP2) on the
mitochondrial inner membrane [60], while Dilip et al. study
suggests that adiponectin (APN) deficiency can cause mito-
chondrial dysfunction in pulmonary ECs, leading to lung
injury [61, 62]. One previous study also found that the
expression level of miR-34a-5p is positively correlated with
the inflammatory response of acute lung injury.The mecha-
nism involves miR-34a causing p53 and Bax translocation
to the mitochondrial compartment, disrupting mitochondrial
membrane potential, and releasing cytochrome C into the
cytoplasm, thereby triggering mitochondrial-mediated cas-
cading cell apoptosis in the lungs [63]. Exposure to cigarette
smoke (CS) increases the risk of acute respiratory distress
syndrome (ARDS) in humans, but its mechanisms remain
unclear. Wang et al. suggest that the mechanism may be
related to CS-induced endothelial damage caused by mito-
chondrial oxidative stress and dysfunction resulting from
excessive mitochondrial fission [10]. Previous literature
reports that phosphorylation at the Drpl1-S616 site pro-
motes mitochondrial fission, while phosphorylation at the
Drp1-S637 site inhibits mitochondrial fission. The Drpl-
pS616:Drpl-pS637 ratio determines mitochondrial fission
activity [9]. Wang et al.study confirmed that in LMVECs,
CS increases Drpl-pS616, decreases Drpl-pS637, and
increases the Drpl-pS616:Drpl-pS637 ratio, thereby
increasing mitochondrial fission activity [10]. Meanwhile,
CS also increases the expression of FIS1, a receptor for
Drpl-pS616 on the mitochondrial outer membrane, and
decreases the expression of the mitochondrial fusion pro-
tein Mfn2 [10]. These results suggest that CS increases
mitochondrial fission and decreases mitochondrial fusion
in LMVEGC:s, leading to endothelial barrier dysfunction and
increasing the risk of acute respiratory distress syndrome. In
addition, CS exposure can increase adenosine levels leading
to ECs injury and emphysema disease [64]. Sustained ade-
nosine exposure promotes intracellular adenosine uptake
via nucleoside transporter proteins, followed by activation
of p38 and JNK in mitochondria, which ultimately leads to
mitochondrial defects and activation of the mitochondria-
mediated intrinsic apoptotic pathway, leading to apoptosis
of lung ECs [64].

The concentration of oxygen is also an important fac-
tor influencing the function of pulmonary vascular ECs
(PVECs), among which hypoxia is one of the main factors
leading to dysfunction of PVECs. Ma et al. found upregula-
tion of circKrt4 expression in hypoxic pulmonary arterial
ECs. The increase in circKrt4 inhibits the cytoplasmic-
mitochondrial shuttle of glycerol kinase (Glpk) bound to
mitochondria, leading to mitochondrial dysfunction and
further impairing pulmonary arterial ECs [65]. Hypoxia
reduces the content of mitochondrial transcription factor
A (TFAM) in mitochondria, inhibiting mitochondrial bio-
genesis and causing PVEC injury [66]. This mechanism is
closely related to the translocase of the outer mitochondrial
membrane (TOM) protein [66]. A crucial part of mitochon-
drial biogenesis is played by TOM, also referred to as the
mitochondrial gate [67]. During mitochondrial biogenesis,
precursor proteins synthesized in the cytosol need to be
transported into the mitochondria via the TOM to exert their
biological functions [68, 69]. Under hypoxic conditions,
although the expression of mitochondrial biogenesis mark-
ers PGC-1a, NRF-1, and TFAM is increased, the expression
of TOM70 in PVECs decreases, preventing the transport of
TFAM into the mitochondria (Fig. 3B) [66]. This results in a
reduction of TFAM within the mitochondria, thereby inhib-
iting mitochondrial biogenesis and causing dysfunction in
PVEC:s. In contrast to hypoxia, Yao’s research suggests that
a high-oxygen environment can also induce apoptosis of
pulmonary ECs [70]. A high-oxygen environment reduces
mitochondrial oxidative phosphorylation, leading to mito-
chondrial dysfunction and increased EC apoptosis [70].
Furthermore, excessive generation of ROS and mitochon-
drial damage exacerbate the inflammatory process of ALI.
In terms of therapeutic strategies, the antioxidant mitoQ can
reduce excessive mitochondrial ROS production through the
Nrf2-MafF/ARE pathway, thereby improving mitochondrial
function and alleviating lung inflammation [58]. Kong’s
study indicates that the endogenous ligand, Apelin-13, for
the seven-transmembrane G-protein-coupled receptor APJ
can improve LPS-induced lung injury, pulmonary vascu-
lar permeability, and mitochondrial function in ALI mice,
promoting autophagic flux [71]. The specific mechanism
may involve Apelin-13 regulating mitochondrial func-
tion and autophagy by enhancing AMPK phosphorylation
[71]. Zhang’s study indicates that mitochondrial transfer is
the primary mechanism by which mesenchymal stem cells
(MSCs) treat sepsis-related acute lung injury [72]. Specifi-
cally, TFAM in MSCs regulates the formation of tunneling
nanotubes (TNTs), enabling the transfer of mitochondria
from MSCs to PMVECs. This process reduces apoptosis in
PMVECSs, increases mitochondrial function and the perme-
ability barrier in PMVECs, thereby mitigating sepsis-related
acute lung injury (Fig. 3A).
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Fig. 3 Diseases and mechanisms of lung endothelial injury caused
by mitochondrial abnormalities. (A), Schematic model of regula-
tion of mitochondrial transcription factor A (TFAM) expression in
MSCs played a critical role to improve the permeability barrier of
pulmonary microvascular endothelial cells (PMVECs) by tunneling
nanotubes(TNTs) mediating mitochondrial transfer in sepsis-asso-
ciated acute lung injury(ALI). Copyright 2023, Reprinted with from
permission from Nature Publishing Group [72]. (B), Schematic illus-
trates that hypoxia induced the decreased expression of translocase of

Kidney-related vascular diseases
Acute kidney injury (AKI) is widely recognized as a sig-

nificant risk factor for the occurrence and progression of
chronic kidney disease (CKD) [73]. The exact mechanisms

@ Springer

]
]
'
]
'
'
'
1
'
1
]
'
'
]
1
]
'
1
'
]
!
'

—- |
1
] ﬁ TNTs
'
'
'
'
'
'
1
'
1
1
]
'
1
1
'
'
'
'
]
'
1
'
'
'
'

0 TFAM

1
1
]
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
i
Mitochondria transfer !
via TNTs !
1

)

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

!

v Decrease

A Improve

Apoptosis v
Mitochondrial function A

Permeability barrier A

Mitog'%mdn;ﬁ "
bjoggne

Mitochondrial quantity T
and function /
Improvement of PVECs function

1

HPH

the outer mitochondrial membrane 70(Tom70) in pulmonary vascular
endothelial cells (PVECs), reduced the mitochondrial biogenesis-asso-
ciated TFAM protein transporting into mitochondria, inhibited mito-
chondrial biogenesis, caused PVECs dysfunction, and prompted the
formation of hypoxic pulmonary hypertension(HPH). However, up-
regulation of Tom70 abolished the hypoxia-induced injurious effects
in PVECs and alleviated HPH. Copyright 2023, Reprinted with from
permission from BioMed Central [66]

by which a normal kidney transitions to acute kidney injury
(AKI) and progresses from AKI to chronic kidney disease
(CKD) are not yet fully understood, but several cellular and
molecular mechanisms have been identified (Fig. 4A) [73].
Recent evidence suggests that mitochondrial biogenesis,
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Fig.4 Diseases and mechanisms of renal endothelial damage caused by
mitochondrial abnormality. (A), Schematic illustration of pathophysi-
ological processes involved in the acute kidney injury (AKI)-chronic
kidney disease (CKD) continuum mediated by mitochondrial damage
[73]. (B), Impaired mitochondrial biogenesis (MB), mitochondrial
dynamics, and mitophagy contribute to the transition from acute kid-
ney injury (AKI) to chronic kidney disease (CKD). Copyright 2020,

mitochondrial dynamics, and mitophagy play critical roles
in the progression from AKI to CKD (Fig. 4B) [73]. Con-
sidering that the mitochondria involved in the progression
from AKI to CKD are specific to renal cells, this section will
not elaborate further.

Early mitochondrial dysfunction in AKI is a key factor
leading to tubular damage and persistent renal dysfunc-
tion [73]. Mitochondrial dynamics, maintained by fission
and fusion, play a crucial role in preserving mitochondrial
function [74]. In AKI, mitochondrial fission predominates
in mitochondrial dynamics and is a major contributor to
mitochondrial fragmentation [74]. Mitochondrial division
and fragmentation in AKI pathogenesis are mediated by
cellular sirtuins [74], with SIRT3 located in mitochondria
being a major regulator of mitochondrial acetylation [75].
Research by Anna et al. indicates that Sirt3 deficiency, while
not directly causing renal disease, promotes endothelial dys-
function and exacerbates kidney injury [75].

Additionally, renal I/R is one of the primary factors lead-
ing to AKI [76]. A study by Jankauskas et al. suggests that
oxidative stress and endothelial mitochondrial damage are
the main pathogenic factors of endothelial injury in renal
I/R, and mitochondrial-targeted antioxidants can protect

Reprinted with from permission from American Physiological Society
[73]. (C), While high-fat diet (HFD) causes mitochondrial dysfunction
and endothelial cell damage, leading to proteinuria, glomerular inflam-
mation and glomerulosclerosis, and other kidney diseases, SS-31 is
able to prevent almost all glomerular and tubular damage caused by
HFD. Copyright 2016, Reprinted with from permission from Elsevier
B.V [79]

tissues from I/R effects [77]. Jankauskas et al. found sig-
nificant endothelial mitochondrial damage after 40 min of
ischemia followed by reperfusion [77]. Characteristics of
endothelial mitochondrial damage include localized swell-
ing of the mitochondrial matrix and a significant increase
in cristae junction and intermembrane spaces, with a reduc-
tion or disappearance of cristae in some mitochondria. The
mitochondrial-targeted antioxidant 10-(6'-plastoquinonyl)
decylrhodamine 19 (SkQR19) can alleviate functional and
morphological damage to renal vascular ECs after I/R [77].
Liu’s research suggests that SS-31 can protect EC mito-
chondria and reduce EC injury during renal ischemia [78].
SS-31 is a cell-permeable peptide that targets the inner
mitochondrial membrane, selectively binds to cardiolipin,
inhibits cardiolipin peroxidation, and significantly reduces
loss of peritubular capillaries and cortical arterioles four
weeks after ischemia, protecting proximal tubular cell mito-
chondria and reducing EC injury [78]. Additionally, under
a high-fat diet (HFD), SS-31 can protect the normal mito-
chondrial structure of renal cells, block the vicious cycle of
lipid accumulation caused by impaired mitochondrial fatty
acid B-oxidation, improve renal AMPK activity, and prevent
endoplasmic reticulum stress and apoptosis (Fig. 4C) [79].
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In addition to AKI, the occurrence of renal vascular dis-
ease (RVD) is closely associated with mitochondrial dam-
age. RVD is a significant cause of secondary hypertension
and renal dysfunction, characterized by unilateral or bilateral
renal artery stenosis (RAS) or occlusion [80]. Renal injury
in RVD results from the combined effects of ischemia and
metabolic abnormalities [80]. Ischemia is caused by inad-
equate perfusion due to RAS, while metabolic abnormalities
are usually induced by metabolic syndrome (MetS). Previ-
ous studies have speculated that in RVD, the coexistence of
MetS and renal artery stenosis may synergistically damage
EC mitochondria, thereby exacerbating renal tissue injury
[80]. Nargesi’s research suggests that metabolic syndrome
(MetS) and RAS can damage pig renal artery EC mitochon-
dria, impairing EC function [80].

A
Regulates cellular
Apoptosis
Healthy Maintain redox
Mitochondria Balance
Produce ATP

Outer Membrane

Matrix

Inner Membrane

Fig.5 Mitochondrial abnormalities lead to endothelial damage in cere-
bral vessels and diabetic microvessels. Mitochondrial pathophysiology
in brain ischemia. (A), The function and structure of healthy mitochon-
dria. (B), The pathological process of mitochondria subjected to isch-
emia. (C), The morphology of mitochondria within cerebral vascular
endothelial cell of live rat. Using mitochondrial stain and Hoechst
nuclear stain to stain the mitochondria (red) and the nuclei (blue) in
microvascular endothelial cells. Copyright 2014, Reprinted with from
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Cerebrovascular diseases

Mitochondria are the core regulators of vascular tone within
the neurovascular unit (NVU) in the brain, where the inter-
action of mitochondria from various NVU cells in response
to stimuli determines vascular tone, with endothelial cell
mitochondria acting as environmental sensors (Fig. 5D)
[81, 82]. Compared to other tissues and cells, the concentra-
tion of mitochondria in brain vascular ECs is higher than in
ECs located elsewhere (Fig. 5C) [81]. Additionally, due to
the high metabolic characteristics of the blood-brain barrier
and its support for numerous transport systems, brain ECs
possess an extensive mitochondrial network, with increased
mitochondrial mass relative to other EC types(Fig. 5C)
[83]. Mitochondrial function is closely associated with
the physiological and pathophysiological processes of
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permission from Karger Publishers [94]. (D), Different cell types
within neurovascular units of the brain could influence cerebrovascu-
lar tone through mitochondrial mechanisms, such as ischemia or corti-
cal diffusion inhibition. Focal activation of neurons will directly affect
mitochondria in these neurons and lead to NO production and increase
of local blood flow. Copyright 2016, Reprinted with from permission
from Wiley-VCH [82]
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ECs, thus mitochondrial dysfunction may be a significant
contributor to cerebrovascular pathologies [84, 85].Trau-
matic brain injury (TBI) is categorized into primary and
secondary types [86]. Considering that the mechanisms of
secondary injury are overly complex and current research
has not identified definitive mechanisms, we will not dis-
cuss secondary brain injury [86]. Gerben’s research reveals
that both TBI and cortical spreading depolarization (CSD)
induce mitochondrial dysfunction, including impaired cal-
cium homeostasis, decreased ATP production, and increased
ROS generation [86]. Further observations using electron
microscopy demonstrated morphological changes in blood
vessels and mitochondrial cristac damage in astrocytes,
pericytes, and ECs following TBI and CSD [86]. Based on
these findings, Gerben suggests that mitochondrial damage
induced by TBI and CSD may be associated with alterations
in vascular morphology and cerebral blood flow (CBF) [86].
Studies have reported that exogenous brain mitochondrial
transplantation can alleviate mitochondrial dysfunction in
TBI [87]. In mouse models, exogenous mitochondrial inter-
vention reduced cell apoptosis, promoted angiogenesis,
alleviated brain edema, and mitigated blood-brain barrier
leakage in TBI mice [87]. In vitro treatment with exogenous
mitochondria in hypoxic cells improves cellular respiration
control rates, increases oxygen consumption rates (OCR),
and reverses significant losses in synaptic plasticity-related
proteins [87]. Tight junction proteins (TJPs) are constituents
of endothelial connections crucial for maintaining the integ-
rity of the endothelial barrier [88]. Treatment with exoge-
nous mitochondria significantly upregulates the expression
levels of TJPs after mitochondrial therapy, thereby protect-
ing the endothelial barrier [87]. These studies suggest that
exogenous mitochondrial intervention is a potential new
therapeutic strategy for TBI.

Mitochondrial dysfunction can also lead to vascular
cognitive impairment (VCI), a form of dementia caused
by cerebrovascular diseases, with a high-fat diet being one
of its common triggers [89]. In vitro studies indicate that
a high-fat environment causes swelling of human brain
microvascular EC mitochondria and increases mitochon-
drial superoxide production, resulting in cerebrovascular
endothelial lipotoxicity [89]. Mitochondrial dysfunction
is not only a key pathogenic factor in vascular cognitive
impairment but also one of the key pathogenic factors in
neurodegenerative diseases. Aliev et al. used oxidative stress
marker SOHG immunogold labeling to reveal the presence
of 8OHG-immunopositive gold particles in Alzheimer’s
disease (AD)-affected vascular ECs and perivascular cells,
suggesting a critical role of mitochondrial oxidative stress
in the pathogenesis of vascular EC damage during AD
progression [90]. With aging, mitochondria gradually lose
their ability to support antioxidant function, becoming more

prone to generating free radicals [91]. These free radicals
not only cause excitotoxicity and neurodegeneration but
also result in mitochondrial dysfunction [90, 91]. Mitochon-
drial dysfunction impairs ATP production, leading to further
generation of free radicals, creating a vicious cycle [92].
Increased generation of free radicals induces the generation
of B-amyloid peptide (AB) both in vivo and in vitro, thereby
contributing to Alzheimer’s disease (AD) [91]. This may be
a reason why mitochondrial dysfunction leads to the onset
of neurodegenerative diseases.

Additionally, ischemic stroke is also closely associated
with mitochondrial dysfunction. After the occurrence of
cerebral ischemia, mitochondrial homeostasis is disrupted
and a number of pathophysiological changes occur com-
pared to healthy mitochondria (Fig. 5A, B). After stroke
reperfusion, mitochondrial mass and mitochondrial DNA in
the cerebral arteries of the stroke-affected hemisphere are
maintained or enhanced, with diminished responses to other
non-mitochondrial stimuli for dilation and constriction [82].
Further studies indicate that after hypoxic stress, not only
ECs respond to mitochondria-induced postconditioning but
also vascular exhibit maintained or enhanced responses to
mitochondrial activators in cerebral vascular endothelium
[93]. Busija proposes that targeted mitochondrial therapy
can prevent further damage to endothelial and vascular
smooth muscle cells, reducing brain injury [82].

The role of mitochondrial-derived ROS in cerebral vas-
cular diseases remains controversial. Busija suggests that
ROS released from mitochondria can protect the neurovas-
cular unit, as mitochondrial activation following hypoxic or
ischemic stress appears to protect cerebral vascular endothe-
lium and promote blood flow restoration [94]. Conversely,
Chrissobolis et al. argue that oxidative stress induced by
mitochondrial-derived ROS is a major cause of endothelial
dysfunction in cerebral circulation, reducing the bioavail-
ability of NO and impairing endothelial maintenance of
vascular tone [95]. EC injury can also lead to blood-brain
barrier dysfunction. Radiation-induced brain injury (RIBI)
is a common complication of brain tumor radiotherapy,
characterized by blood-brain barrier dysfunction resulting
from EC injury [96]. Current treatment strategies primar-
ily focus on protecting ECs from oxidative stress damage.
Research by Zhang et al. indicates that the fluorescent small
molecule they developed, IR-780, can target mitochondrial
regulation of oxidative stress in cerebral microvascular ECs,
protecting cells from radiation damage [97]. Additionally,
using SIRT1 to inhibit p66Shc transcription protects vascu-
lar ECs from oxidative damage [24].
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Diabetic microvascular disease

Mitochondrial dysfunction mediating endothelial injury
can also lead to diabetic microvascular complications, a
common cause of mortality and disability in diabetes, typi-
cally resulting from EC damage induced by hyperglycemia
[98]. Studies on ECs isolated from diabetic patients have
revealed that prolonged exposure to high glucose levels
leads to mitochondrial swelling and subsequent endothelial
edema [99]. Further investigation of EC mitochondria under
high glucose exposure has shown manifestations of mito-
chondrial dynamics characterized by increased fission and
inhibited fusion, resulting in mitochondrial fragmentation
[100-102]. Upregulation of Drpl expression and down-
regulation of Opal levels under high glucose conditions are
major contributors to mitochondrial fragmentation [103]. A
previous clinical study showed that EC damage in diabetic
patients is closely associated with significantly impaired EC
mitochondrial function [104].

A large body of evidence suggests that maintaining nor-
mal mitochondrial dynamics and activating mitochondrial
autophagy improves mitochondrial function and EC resis-
tance to high glucose [105-107]. Additionally, disruption
of mitochondrial dynamics impairs mitochondrial metabo-
lism, inhibits ATP synthesis, activates the JNK pathway,
and induces mitochondrial-dependent apoptosis pathways
[100]. Regarding mitochondrial autophagy, Xi found sig-
nificantly reduced mitochondrial autophagic activity in
high glucose-treated HUVECs [105]. Xi’s further study
found that hyperglycemia significantly reduced the protein
expression of mitochondrial autophagy-associated proteins,
PINK1, Parkin, and Mfn2, in HUVECs [105]. Similarly,
reduced mitochondrial autophagy was found in hypergly-
cemic human aortic ECs (HAEC), which Wang et al. found
to be associated with reduced AMPK activity [108]. Con-
versely, overexpression of Sirt3 upregulates mitochondrial
autophagy, enhancing AMPK/PGCla expression, thereby
preventing EC apoptosis. Interestingly, there exists a bal-
ance between mitochondrial fission and mitochondrial
autophagy, where mitochondrial fragmentation induced by
fission can promote mitochondrial autophagy, and fission
has been reported as the initial signal for PINK1/parkin-
mediated mitochondrial autophagy [109]. Activated mito-
chondrial autophagy, in turn, can eliminate fragmented
mitochondria to counteract the harmful effects of fission,
thereby preserving mitochondrial function. Mitochondrial
autophagy in high glucose-treated rat aortic ECs has been
found to normalize the ratio of phosphorylated Drpl to
total Drpl, selectively eliminating damaged mitochondrial
subpopulations, leading to increased ATP production [110,
111]. Conversely, excessive mitochondrial autophagy can
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deplete mitochondria, leading to ATP exhaustion or defi-
ciency and ultimately causing cell death [112].

In addition, diabetic microvascular complications are
closely associated with mitochondrial oxidative stress, as
evidenced by elevated oxidative stress induced by ROS in
diabetic patients [113]. Mitochondrial respiratory dysfunc-
tion and NADPH oxidase (NOX) are two major sources of
ROS in cells of diabetic patients [114], and oxidative stress
plays a critical role in the development of cardiovascular
diseases [115]. Research suggests that glycated or oxidized
low-density lipoprotein (LDL) under diabetic conditions
not only reduces mitochondrial oxygen consumption and
membrane potential in ECs, but also impairs the activity
of mitochondrial respiratory chain complex enzymes, lead-
ing to mitochondrial respiratory dysfunction [116, 117].
Moreover, diabetes-associated glycated LDL or oxidized
LDL can increase NOX and ROS expression in ECs [114].
Therefore, Shen et al. propose that mitochondrial dysfunc-
tion and NOX activation resulting from metabolic distur-
bances associated with diabetes are the fundamental causes
of cardiovascular diseases in diabetic patients [118]. The
therapeutic drug empagliflozin inhibits mitochondrial fis-
sion through AMPK-dependent pathways, which in turn
suppresses mitochondrial reactive oxygen species mtROS
production and oxidative stress to protect the barrier func-
tion of CMECs [119]. This not only protects cardiac myo-
cytes but also preserves cardiac microvascular ECs in
diabetic patients. Currently, research targeting mitochon-
drial abnormalities and EC-related proteins as therapeutic
targets for diabetic microvascular complications is gaining
popularity. Mitochondrial dysfunction plays a central role in
the occurrence and development of diabetic kidney disease
(DKD). Therefore, targeting mitochondrial dysfunction in
DKD may represent a novel therapeutic strategy for DKD
patients. Additionally, ECs, as the main suppliers of lipids
to glomerular cells, play an important role in lipid trans-
port processes [120]. Vascular endothelial growth factor-B
(VEGF-B) and mitochondrial proteins, which mediate this
process, are considered therapeutic targets for systemic lipid
toxicity mechanisms [121-123].

Conclusion and perspectives

As both a mechanical and biological barrier for blood flow,
ECs cover the inner layers of the heart, blood vessels, and
lymphatic vessels with flattened endothelial tissue, acting as
frontline defenders against vascular diseases. Dysfunction
of ECs is closely associated with the occurrence of various
diseases such as cardiovascular diseases, kidney diseases,
lung-related diseases, cerebrovascular diseases, and diabetic
microvascular diseases. Mitochondria play diverse roles in
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regulating intracellular calcium dynamics, ROS, and NO
generation. Clinical trials and basic research have confirmed
that mitochondrial pathway dysfunction is a key factor in
stress-induced vascular endothelial injury. Moreover, as
the primary site of aerobic cellular respiration, mitochon-
drial ROS production and dysfunction often determine the
evolution of EC injury. Thus, mitochondrial abnormalities
mediating vascular endothelial injury are considered crucial
mechanisms in diseases such as cardiovascular diseases,
kidney diseases, lung-related diseases, cerebrovascular
diseases, and diabetic microvascular diseases.This article
comprehensively reviews the role of mitochondrial abnor-
malities in vascular endothelial injury-related diseases and
the corresponding research progress for treatments. The
article discusses in detail the specific roles of mitochondria
in different diseases, such as the relationship between air
pollution-induced mitochondrial damage and cardiovascu-
lar diseases, as well as the role of mitochondrial dynam-
ics and autophagy in diabetic microvascular complications.
Additionally, the article explores potential drug strategies
for treating these diseases, aiming to provide new insights
and treatment approaches for clinical diagnosis of related
vascular injuries. For example, the traditional Chinese
medicine compound Xinmai’an tablets and isoliquiritigenin
can protect the heart and vascular ECs by regulating mito-
chondrial function. Furthermore, mitochondrial-targeted
antioxidants can protect tissues from I/R injury. In diabetic
microvascular complications, high glucose-induced EC
mitochondrial damage and dysfunction are key factors, sug-
gesting that targeting mitochondrial dysfunction may repre-
sent a new therapeutic strategy.

Future research needs to further elucidate the specific
molecular mechanisms underlying mitochondrial abnor-
malities and vascular endothelial injury, as well as how to
prevent and treat cardiovascular diseases, kidney diseases,
lung-related diseases, cerebrovascular diseases, and dia-
betic microvascular diseases by modulating mitochondrial
function. In clinical treatment, with deeper understanding
of mitochondrial biology, developing new treatment strate-
gies, such as targeting mitochondrial fission and fusion pro-
teins, regulating mitochondrial autophagy, and inhibiting
ROS production, may provide new directions for treating
vascular endothelial injury-related diseases. Additionally,
the development of personalized medicine may make cus-
tomized treatment of mitochondrial functional status pos-
sible for different patients. Furthermore, although some
drugs have shown potential to protect mitochondria and
ECs in experiments, more clinical trials are needed to verify
the safety and efficacy of these drugs. Lastly, as the global
aging trend intensifies, research on vascular endothelial
injury and mitochondrial dysfunction in the elderly popula-
tion will have significant social and clinical implications.

Future research should focus on developing new preventive
measures and treatment strategies to reduce the occurrence
and progression of these diseases.

Acknowledgements We would like to thank Charlesworth (www.
cwauthors.com) for English language editing.

Author contributions X.S. and X.L. are in charge of searching all the
relative papers. B.P. and T.P. were in charge of writing this manuscript.
T.P. and G.D. were in charge of drawing the picture. Y.N. and X.C. pro-
vided valuable professional advice and guidance in the organization
and drafting of this manuscript. Y.N. helped to revise the manuscript.
All authors reviewed the manuscript.

Funding This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Data availability No datasets were generated or analysed during the
current study.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. WuY,SuS, XieY et al (2018) Murine models of vascular endo-
thelial injury: techniques and pathophysiology. Thromb Res
169:64-72. https://doi.org/10.1016/j.thromres.2018.07.014

2. Davidson SM, Duchen MR (2007) Endothelial mitochondria: con-
tributing to vascular function and disease. Circul Res 100:1128—
1141. https://doi.org/10.1161/01.RES.0000261970.18328.1d

3. Tarnawski AS, Ahluwalia A (2022) Endothelial cells and blood
vessels are major targets for COVID-19-induced tissue injury
and spreading to various organs. WJG 28:275-289. https://doi.
org/10.3748/wjg.v28.13.275

4. Di Lisa F, Kaludercic N, Carpi A et al (2009) Mitochondria and
vascular pathology. Pharmacol Rep 61:123-130. https://doi.
org/10.1016/S1734-1140(09)70014-3

5. Zhou H, Zhang Y, Hu S et al (2017) Melatonin protects cardiac
microvasculature against ischemia/reperfusion injury via suppres-
sion of mitochondrial fission- VDAC 1- HK 2- mPTP -mitophagy
axis. J Pineal Res 63:¢12413. https://doi.org/10.1111/jpi.12413

6. ZhouH,HuS,Jin Qetal (2017) Mff-Dependent mitochondrial fis-
sion contributes to the pathogenesis of Cardiac Microvasculature
Ischemia/Reperfusion Injury via induction of mROS-Mediated

@ Springer


http://www.cwauthors.com
http://www.cwauthors.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.thromres.2018.07.014
https://doi.org/10.1161/01.RES.0000261970.18328.1d
https://doi.org/10.3748/wjg.v28.i3.275
https://doi.org/10.3748/wjg.v28.i3.275
https://doi.org/10.1016/S1734-1140(09)70014-3
https://doi.org/10.1016/S1734-1140(09)70014-3
https://doi.org/10.1111/jpi.12413

636

Angiogenesis (2024) 27:623-639

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

cardiolipin oxidation and HK2/VDACI disassociation-involved
mPTP opening. JAHA 6:¢005328. https://doi.org/10.1161/
JAHA.116.005328

Zhu H, Jin Q, Li Y et al (2018) Melatonin protected cardiac
microvascular endothelial cells against oxidative stress injury via
suppression of IP3R-[Ca2+]c/VDAC-[Ca2+]m axis by activa-
tion of MAPK/ERK signaling pathway. Cell Stress Chaperones
23:101-113. https://doi.org/10.1007/s12192-017-0827-4
Gonzalez-Colaco Harmand M, Garcia-Sanz MDM, Agusti A
et al (2022) Review on the management of cardiovascular risk
factors in the elderly. J Geriatr Cardiol 19:894-927. https://doi.
org/10.11909/j.issn.1671-5411.2022.11.008

Youle RJ, Van Der Bliek AM (2012) Mitochondrial fis-
sion, Fusion, and stress. Science 337:1062—1065. https://doi.
org/10.1126/science.1219855

Wang Z, White A, Wang X et al (2020) Mitochondrial fission
mediated cigarette smoke—induced Pulmonary Endothelial Injury.
Am J Respir Cell Mol Biol 63:637-651. https://doi.org/10.1165/
rcmb.2020-00080C

Quiles JM, Gustafsson AB (2022) The role of mitochondrial
fission in cardiovascular health and disease. Nat Rev Cardiol
19:723-736. https://doi.org/10.1038/s41569-022-00703-y
Adebayo M, Singh S, Singh AP, Dasgupta S (2021) Mitochon-
drial fusion and fission: the fine-tune balance for cellular homeo-
stasis. FASEB J 35. https://doi.org/10.1096/1].202100067R
Poole LP, Macleod KF (2021) Mitophagy in tumorigenesis
and metastasis. Cell Mol Life Sci 78:3817-3851. https://doi.
org/10.1007/s00018-021-03774-1

Li S, Chen J, Liu M et al (2021) Protective effect of HINT2
on mitochondrial function via repressing MCU complex acti-
vation attenuates cardiac microvascular ischemia—reperfu-
sion injury. Basic Res Cardiol 116:65. https://doi.org/10.1007/
500395-021-00905-4

Orrenius S, Gogvadze V, Zhivotovsky B (2015) Calcium and
mitochondria in the regulation of cell death. Biochem Biophys Res
Commun 460:72—-81. https://doi.org/10.1016/j.bbrc.2015.01.137
He H, Qiao Y, Zhou Q et al (2019) Iron Overload Damages
the Endothelial Mitochondria via the ROS/ADMA/DDAHII/
eNOS/NO Pathway. Oxidative Medicine and Cellular Longevity
2019:1-19. https://doi.org/10.1155/2019/2340392

Zhang T, Yang W, Wang Y et al (2020) Electroacupuncture pre-
conditioning attenuates acute myocardial ischemia injury through
inhibiting NLRP3 inflammasome activation in mice. Life Sci
248:117451. https://doi.org/10.1016/j.1£5.2020.117451

Bian C, Ren H (2022) Sirtuin Family and Diabetic kidney dis-
ease. Front Endocrinol 13:901066. https://doi.org/10.3389/
fendo.2022.901066

Xu S, Bai P, Jin ZG (2016) Sirtuins in Cardiovascular Health and
diseases. Trends Endocrinol Metabolism 27:677-678. https://doi.
org/10.1016/j.tem.2016.07.004

Meng X, Tan J, Li M et al (2017) Sirt1l: Role under the Condition
of Ischemia/Hypoxia. Cell Mol Neurobiol 37:17-28. https://doi.
org/10.1007/s10571-016-0355-2

Zhang W, Chen R, Xu K et al (2023) Protective effect of
Xinmai’an tablets via mediation of the AMPK/SIRT1/PGC-1a
signaling pathway on myocardial ischemia-reperfusion injury
in rats. Phytomedicine 120:155034. https://doi.org/10.1016/j.
phymed.2023.155034

Tian L, Cao W, Yue R et al (2019) Pretreatment with Tilianin
improves mitochondrial energy metabolism and oxidative
stress in rats with myocardial ischemia/reperfusion injury via
AMPK/SIRT1/PGC-1 alpha signaling pathway. J Pharmacol Sci
139:352-360. https://doi.org/10.1016/j.jphs.2019.02.008

Xin C, Zhang Z, Gao G et al (2020) Irisin attenuates myocar-
dial Ischemia/Reperfusion Injury and improves mitochondrial

@ Springer

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

function through AMPK Pathway in Diabetic mice. Front Phar-
macol 11:565160. https://doi.org/10.3389/fphar.2020.565160
Kong X, Guan J, Li J et al (2017) P66Shc-SIRT1 regulation of
oxidative stress protects against cardio-cerebral vascular dis-
ease. Mol Neurobiol 54:5277-5285. https://doi.org/10.1007/
$12035-016-0073-2

Dikalov S, Dikalova A (2022) Mitochondrial deacetylase
Sirt3 in vascular dysfunction and hypertension. Curr Opin
Nephrol  Hypertens  31:151-156.  https://doi.org/10.1097/
MNH.0000000000000771

Dikalova AE, Pandey A, Xiao L et al (2020) Mitochondrial
deacetylase Sirt3 reduces vascular dysfunction and hypertension
while Sirt3 depletion in essential hypertension is linked to vas-
cular inflammation and oxidative stress. Circ Res 126:439-452.
https://doi.org/10.1161/CIRCRESAHA.119.315767

Wang Y-C, Koay YC, Pan C et al (2024) Indole-3-Propi-
onic Acid protects against heart failure with preserved ejec-
tion fraction. Circ Res 134:371-389. https://doi.org/10.1161/
CIRCRESAHA.123.322381

Huang C-H, Chiang C-Y, Pen R-H et al (2015) Hypothermia
treatment preserves mitochondrial integrity and viability of car-
diomyocytes after ischaemic reperfusion injury. Injury 46:233—
239. https://doi.org/10.1016/j.injury.2014.10.055

Wang Z, Liu D, Varin A et al (2016) A cardiac mitochondrial
cAMP signaling pathway regulates calcium accumulation, per-
meability transition and cell death. Cell Death Dis 7:¢2198—
¢2198. https://doi.org/10.1038/cddis.2016.106

Xue Q, Pei H, Liu Q et al (2017) MICU1 protects against myo-
cardial ischemia/reperfusion injury and its control by the importer
receptor Tom70. Cell Death Dis 8:2923-2923. https://doi.
org/10.1038/cddis.2017.280

Li M, Ma G, Han L, Li J (2014) Regulating effect of tea poly-
phenols on Endothelin, Intracellular Calcium Concentration, and
mitochondrial membrane potential in vascular endothelial cells
injured by Angiotensin II. Ann Vasc Surg 28:1016-1022. https://
doi.org/10.1016/j.avsg.2013.11.003

Li M, LiJ, Meng G, Liu X (2015) Protective effects of diltiazem
against vascular endothelial cell injury induced by angiotensin- 11
and hypoxia. Clin Exp Pharma Physio 42:337-343. https://doi.
org/10.1111/1440-1681.12371

Hong Q, Qi K, Feng Z et al (2012) Hyperuricemia induces endo-
thelial dysfunction via mitochondrial Na+/Ca2 + exchanger-
mediated mitochondrial calcium overload. Cell Calcium
51:402—410. https://doi.org/10.1016/j.ceca.2012.01.003

Chen S-P, Hu T-H, Zhou Q et al (2022) Luteoloside protects the
vascular endothelium against iron overload injury via the ROS/
ADMA/DDAH II/eNOS/NO pathway. Chin J Nat Med 20:22-32.
https://doi.org/10.1016/S1875-5364(21)60110-3

Wang D, Ye P, Kong C et al (2021) Mitoferrin 2 deficiency pre-
vents mitochondrial iron overload-induced endothelial injury and
alleviates atherosclerosis. Exp Cell Res 402:112552. https://doi.
org/10.1016/j.yexcr.2021.112552

Chen Y, Li S, Yin M et al (2023) Isorhapontigenin attenuates
Cardiac Microvascular Injury in Diabetes via the inhibition of
Mitochondria-Associated Ferroptosis through PRDX2-MFN2-
ACSLA4 pathways. Diabetes 72:389-404. https://doi.org/10.2337/
db22-0553

Dong D, Wang B, Yin W et al (2013) Disturbance of copper
homeostasis is a mechanism for Homocysteine-Induced Vas-
cular Endothelial Cell Injury. PLoS ONE 8:76209. https://doi.
org/10.1371/journal.pone.0076209

Kim B-E, Nevitt T, Thiele DJ (2008) Mechanisms for copper
acquisition, distribution and regulation. Nat Chem Biol 4:176—
185. https://doi.org/10.1038/nchembio.72

Hennig B, Meerarani P, Ramadass P et al (1999) Zinc nutri-
tion and apoptosis of vascular endothelial cells: implications in


https://doi.org/10.3389/fphar.2020.565160
https://doi.org/10.1007/s12035-016-0073-2
https://doi.org/10.1007/s12035-016-0073-2
https://doi.org/10.1097/MNH.0000000000000771
https://doi.org/10.1097/MNH.0000000000000771
https://doi.org/10.1161/CIRCRESAHA.119.315767
https://doi.org/10.1161/CIRCRESAHA.123.322381
https://doi.org/10.1161/CIRCRESAHA.123.322381
https://doi.org/10.1016/j.injury.2014.10.055
https://doi.org/10.1038/cddis.2016.106
https://doi.org/10.1038/cddis.2017.280
https://doi.org/10.1038/cddis.2017.280
https://doi.org/10.1016/j.avsg.2013.11.003
https://doi.org/10.1016/j.avsg.2013.11.003
https://doi.org/10.1111/1440-1681.12371
https://doi.org/10.1111/1440-1681.12371
https://doi.org/10.1016/j.ceca.2012.01.003
https://doi.org/10.1016/S1875-5364(21)60110-3
https://doi.org/10.1016/j.yexcr.2021.112552
https://doi.org/10.1016/j.yexcr.2021.112552
https://doi.org/10.2337/db22-0553
https://doi.org/10.2337/db22-0553
https://doi.org/10.1371/journal.pone.0076209
https://doi.org/10.1371/journal.pone.0076209
https://doi.org/10.1038/nchembio.72
https://doi.org/10.1161/JAHA.116.005328
https://doi.org/10.1161/JAHA.116.005328
https://doi.org/10.1007/s12192-017-0827-4
https://doi.org/10.11909/j.issn.1671-5411.2022.11.008
https://doi.org/10.11909/j.issn.1671-5411.2022.11.008
https://doi.org/10.1126/science.1219855
https://doi.org/10.1126/science.1219855
https://doi.org/10.1165/rcmb.2020-0008OC
https://doi.org/10.1165/rcmb.2020-0008OC
https://doi.org/10.1038/s41569-022-00703-y
https://doi.org/10.1096/fj.202100067R
https://doi.org/10.1007/s00018-021-03774-1
https://doi.org/10.1007/s00018-021-03774-1
https://doi.org/10.1007/s00395-021-00905-4
https://doi.org/10.1007/s00395-021-00905-4
https://doi.org/10.1016/j.bbrc.2015.01.137
https://doi.org/10.1155/2019/2340392
https://doi.org/10.1016/j.lfs.2020.117451
https://doi.org/10.3389/fendo.2022.901066
https://doi.org/10.3389/fendo.2022.901066
https://doi.org/10.1016/j.tem.2016.07.004
https://doi.org/10.1016/j.tem.2016.07.004
https://doi.org/10.1007/s10571-016-0355-2
https://doi.org/10.1007/s10571-016-0355-2
https://doi.org/10.1016/j.phymed.2023.155034
https://doi.org/10.1016/j.phymed.2023.155034
https://doi.org/10.1016/j.jphs.2019.02.008

Angiogenesis (2024) 27:623-639

637

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

atherosclerosis. Nutrition 15:744-748. https://doi.org/10.1016/
S0899-9007(99)00148-3

Hennig B, Wang Y, Ramasamy S, McClain CJ (1992) Zinc Defi-
ciency alters barrier function of cultured Porcine endothelial cells.
J Nutr 122:1242-1247. https://doi.org/10.1093/jn/122.6.1242
Yang Y, Wang P, Guo J et al (2023) Zinc overload induces dam-
age to H9¢c2 cardiomyocyte through mitochondrial dysfunction
and ROS-Mediated Mitophagy. Cardiovasc Toxicol 23:388—405.
https://doi.org/10.1007/s12012-023-09811-8

Luo T, Chen B, Zhao Z et al (2013) Histamine H2 receptor acti-
vation exacerbates myocardial ischemia/reperfusion injury by
disturbing mitochondrial and endothelial function. Basic Res
Cardiol 108:342. https://doi.org/10.1007/s00395-013-0342-4
Brown NJ (2013) Contribution of aldosterone to cardiovascular
and renal inflammation and fibrosis. Nat Rev Nephrol 9:459-469.
https://doi.org/10.1038/nrneph.2013.110

Chakraborti T, Mandal A, Mandal M et al (2000) Complement
activation in heart diseases. Cell Signal 12:607-617. https://doi.
org/10.1016/S0898-6568(00)00111-X

Galassi A, Reynolds K, He J (2006) Metabolic syndrome and risk
of Cardiovascular Disease: a Meta-analysis. Am J Med 119:812—
819. https://doi.org/10.1016/j.amjmed.2006.02.031

Yuan F, Hedayat AF, Ferguson CM et al (2017) Mitoprotection
attenuates myocardial vascular impairment in porcine metabolic
syndrome. Am J Physiology-Heart Circ Physiol Ajpheart 00431.
https://doi.org/10.1152/ajpheart.00431.2017

Sabbah HN, Gupta RC, Kohli S et al (2016) Chronic therapy
with Elamipretide (MTP-131), a Novel Mitochondria-Targeting
peptide, improves left ventricular and mitochondrial function in
Dogs with Advanced Heart failure. Circ: Heart Fail 9. https://doi.
org/10.1161/CIRCHEARTFAILURE.115.002206

Kloner RA, Hale SL, Dai W et al (2012) Reduction of Isch-
emia/Reperfusion Injury with Bendavia, a Mitochondria-Tar-
geting Cytoprotective peptide. JAHA 1:¢001644. https://doi.
org/10.1161/JAHA.112.001644

Szeto HH (2014) First-in-class cardiolipin-protective compound
as a therapeutic agent to restore mitochondrial bioenergetics. Br J
Pharmacol 171:2029-2050. https://doi.org/10.1111/bph.12461
Kroller-Schon S, Steven S, Kossmann S et al (2014) Molecular
mechanisms of the crosstalk between mitochondria and NADPH
oxidase through reactive oxygen species—studies in White Blood
cells and in animal models. Antioxid Redox Signal 20:247-266.
https://doi.org/10.1089/ars.2012.4953

Rehman A, Kumari R, Kamthan A et al (2023) Cell-free circu-
lating mitochondrial DNA: an emerging biomarker for airborne
particulate matter associated with cardiovascular diseases.
Free Radic Biol Med 195:103-120. https://doi.org/10.1016/j.
freeradbiomed.2022.12.083

Mishra PK, Bhargava A, Kumari R et al (2022) Integrated
mitoepigenetic signalling mechanisms associated with airborne
particulate matter exposure: a cross-sectional pilot study. Atmo-
spheric Pollution Res 13:101399. https://doi.org/10.1016/j.
apr.2022.101399

ChenY, Zhou Z, Min W (2018) Mitochondria, oxidative stress and
innate immunity. Front Physiol 9:1487. https://doi.org/10.3389/
fphys.2018.01487

Zhang S, Breitner S, Pickford R et al (2022) Short-term effects
of ultrafine particles on heart rate variability: a systematic review
and meta-analysis. Environ Pollut 314:120245. https://doi.
org/10.1016/j.envpol.2022.120245

Chang X, Zhao Z, Zhang W et al (2021) Natural antioxidants
improve the vulnerability of Cardiomyocytes and vascular endo-
thelial cells under stress conditions: a focus on mitochondrial
Quality Control. Oxidative Med Cell Longev 2021:1-27. https://
doi.org/10.1155/2021/6620677

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Zhou Z, Wang J, Song Y et al (2018) Panax notoginseng saponins
attenuate cardiomyocyte apoptosis through mitochondrial path-
way in natural aging rats. Phytother Res 32:243-250. https://doi.
org/10.1002/ptr.5961

Fan X, Wang E, He J et al (2019) Ligustrazine protects Homocys-
teine-Induced apoptosis in human umbilical vein endothelial cells
by modulating mitochondrial dysfunction. J Cardiovasc Transl
Res 12:591-599. https://doi.org/10.1007/s12265-019-09900-6
Cen M, Ouyang W, Zhang W et al (2021) MitoQ protects against
hyperpermeability of endothelium barrier in acute lung injury via
a Nrf2-dependent mechanism. Redox Biol 41:101936. https://doi.
org/10.1016/j.redox.2021.101936

Shah D, Torres C, Bhandari V (2019) Adiponectin deficiency
induces mitochondrial dysfunction and promotes endothelial
activation and pulmonary vascular injury. FASEB J 33:13617—
13631. https://doi.org/10.1096/j.201901123R

Emin MT, Lee MJ, Bhattacharya J, Hough RF (2023) Mitochon-
dria of lung venular capillaries mediate lung-liver cross talk in
pneumonia. Am J Physiology-Lung Cell Mol Physiol 325:L277—
L287. https://doi.org/10.1152/ajplung.00209.2022

Qiao L, Kinney B, Yoo HS et al (2012) Adiponectin increases
skeletal muscle mitochondrial biogenesis by suppressing mito-
gen-activated protein kinase phosphatase-1. Diabetes 61:1463—
1470. https://doi.org/10.2337/db11-1475

Yan W, Zhang H, Liu P et al (2013) Impaired mitochondrial bio-
genesis due to dysfunctional adiponectin-AMPK-PGC-1a signal-
ing contributing to increased vulnerability in diabetic heart. Basic
Res Cardiol 108:329. https://doi.org/10.1007/s00395-013-0329-1
Thounaojam MC, Jadeja RN, Warren M et al (2019) MicroRNA-
34a (miR-34a) mediates retinal endothelial cell premature
senescence through mitochondrial dysfunction and loss of anti-
oxidant activities. Antioxidants 8:328. https://doi.org/10.3390/
antiox8090328

Lu Q, Sakhatskyy P, Newton J et al (2013) Sustained adenosine
exposure causes lung endothelial apoptosis: a possible contribu-
tor to cigarette smoke-induced endothelial apoptosis and lung
injury. Am J Physiology-Lung Cell Mol Physiol 304:L361-L370.
https://doi.org/10.1152/ajplung.00161.2012

Ma C, Wang X, Zhang L et al (2023) Super enhancer-Associ-
ated Circular RNA-CircKrt4 regulates hypoxic pulmonary artery
endothelial cell dysfunction in mice. ATVB 43:1179-1198.
https://doi.org/10.1161/ATVBAHA.122.318842

Ma L, Wang Y, Li X et al (2023) Tom70-regulated mitochondrial
biogenesis via TFAM improves hypoxia-induced dysfunction of
pulmonary vascular endothelial cells and alleviates hypoxic pul-
monary hypertension. Respir Res 24:310. https://doi.org/10.1186/
$12931-023-02631-y

Schmidt O, Pfanner N, Meisinger C (2010) Mitochondrial protein
import: from proteomics to functional mechanisms. Nat Rev Mol
Cell Biol 11:655-667. https://doi.org/10.1038/nrm2959
Chacinska A, Koehler CM, Milenkovic D et al (2009) Import-
ing mitochondrial proteins: machineries and mechanisms. Cell
138:628-644. https://doi.org/10.1016/j.cell.2009.08.005
Martensson CU, Priesnitz C, Song J et al (2019) Mitochondrial
protein translocation-associated degradation. Nature 569:679—
683. https://doi.org/10.1038/s41586-019-1227-y

Yao H, Gong J, Peterson AL et al (2019) Fatty acid oxidation
protects against Hyperoxia-induced endothelial cell apoptosis
and Lung Injury in neonatal mice. Am J Respir Cell Mol Biol
60:667-677. https://doi.org/10.1165/remb.2018-03350C

Kong X, Lin D, Lu L et al (2021) Apelin-13-Mediated AMPK
ameliorates endothelial barrier dysfunction in acute lung injury
mice via improvement of mitochondrial function and autophagy.
Int Immunopharmacol 101:108230. https://doi.org/10.1016/j.
intimp.2021.108230

@ Springer


https://doi.org/10.1002/ptr.5961
https://doi.org/10.1002/ptr.5961
https://doi.org/10.1007/s12265-019-09900-6
https://doi.org/10.1016/j.redox.2021.101936
https://doi.org/10.1016/j.redox.2021.101936
https://doi.org/10.1096/fj.201901123R
https://doi.org/10.1152/ajplung.00209.2022
https://doi.org/10.2337/db11-1475
https://doi.org/10.1007/s00395-013-0329-1
https://doi.org/10.3390/antiox8090328
https://doi.org/10.3390/antiox8090328
https://doi.org/10.1152/ajplung.00161.2012
https://doi.org/10.1161/ATVBAHA.122.318842
https://doi.org/10.1186/s12931-023-02631-y
https://doi.org/10.1186/s12931-023-02631-y
https://doi.org/10.1038/nrm2959
https://doi.org/10.1016/j.cell.2009.08.005
https://doi.org/10.1038/s41586-019-1227-y
https://doi.org/10.1165/rcmb.2018-0335OC
https://doi.org/10.1016/j.intimp.2021.108230
https://doi.org/10.1016/j.intimp.2021.108230
https://doi.org/10.1016/S0899-9007(99)00148-3
https://doi.org/10.1016/S0899-9007(99)00148-3
https://doi.org/10.1093/jn/122.6.1242
https://doi.org/10.1007/s12012-023-09811-8
https://doi.org/10.1007/s00395-013-0342-4
https://doi.org/10.1038/nrneph.2013.110
https://doi.org/10.1016/S0898-6568(00)00111-X
https://doi.org/10.1016/S0898-6568(00)00111-X
https://doi.org/10.1016/j.amjmed.2006.02.031
https://doi.org/10.1152/ajpheart.00431.2017
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002206
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002206
https://doi.org/10.1161/JAHA.112.001644
https://doi.org/10.1161/JAHA.112.001644
https://doi.org/10.1111/bph.12461
https://doi.org/10.1089/ars.2012.4953
https://doi.org/10.1016/j.freeradbiomed.2022.12.083
https://doi.org/10.1016/j.freeradbiomed.2022.12.083
https://doi.org/10.1016/j.apr.2022.101399
https://doi.org/10.1016/j.apr.2022.101399
https://doi.org/10.3389/fphys.2018.01487
https://doi.org/10.3389/fphys.2018.01487
https://doi.org/10.1016/j.envpol.2022.120245
https://doi.org/10.1016/j.envpol.2022.120245
https://doi.org/10.1155/2021/6620677
https://doi.org/10.1155/2021/6620677

638

Angiogenesis (2024) 27:623-639

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

3.

84.

85.

86.

87.

Zhang F, Zheng X, Zhao F et al (2023) TFAM-Mediated mito-
chondrial transfer of MSCs improved the permeability barrier
in sepsis-associated acute lung injury. Apoptosis 28:1048-1059.
https://doi.org/10.1007/s10495-023-01847-z

Jiang M, Bai M, Lei J et al (2020) Mitochondrial dysfunction
and the AKI-to-CKD transition. Am J Physiology-Renal Physiol
319:F1105-F1116. https://doi.org/10.1152/ajprenal.00285.2020
Rahbar Saadat Y, Hosseiniyan Khatibi SM, Ardalan M et al
(2021) Molecular pathophysiology of acute kidney injury: the
role of sirtuins and their interactions with other macromolecular
players. J Cell Physiol 236:3257-3274. https://doi.org/10.1002/
jep-30084

Pezzotta A, Perico L, Corna D et al (2023) Sirt3 deficiency
promotes endothelial dysfunction and aggravates renal injury.
PLoS ONE 18:¢0291909. https://doi.org/10.1371/journal.
pone.0291909

Leng J, Zhao W, Guo J et al (2023) E-prostanoid 3 receptor defi-
ciency on myeloid cells protects against ischemic acute kidney
injury via breaking the auto-amplification loop of necroinflam-
mation. Kidney Int 103:100-114. https://doi.org/10.1016/j.
kint.2022.08.019

Jankauskas SS, Andrianova NV, Alieva IB et al (2016) Dysfunc-
tion of kidney endothelium after ischemia/reperfusion and its
prevention by mitochondria-targeted antioxidant. Biochem Mosc
81:1538-1548. https://doi.org/10.1134/S0006297916120154

Liu S, Soong Y, Seshan SV, Szeto HH (2014) Novel cardiolipin
therapeutic protects endothelial mitochondria during renal isch-
emia and mitigates microvascular rarefaction, inflammation, and
fibrosis. Am J Physiology-Renal Physiol 306:F970-F980. https://
doi.org/10.1152/ajprenal.00697.2013

Szeto HH, Liu S, Soong Y et al (2016) Protection of mitochon-
dria prevents high-fat diet-induced glomerulopathy and proximal
tubular injury. Kidney Int 90:997-1011. https://doi.org/10.1016/j.
kint.2016.06.013

Nargesi AA, Zhu X-Y, Saadiq IM et al (2020) Experimental Reno-
vascular Disease induces endothelial cell mitochondrial damage
and impairs endothelium-dependent relaxation of renal artery
segments. Am J Hypertens 33:765-774. https://doi.org/10.1093/
ajh/hpaa047

Grammas P, Martinez J, Miller B (2011) Cerebral microvas-
cular endothelium and the pathogenesis of neurodegenerative
diseases. Expert Rev Mol Med 13:e19. https://doi.org/10.1017/
S1462399411001918

Busija DW, Rutkai I, Dutta S, Katakam PV (2016) Role of Mito-
chondria in cerebral vascular function: Energy Production, Cel-
lular Protection, and regulation of vascular tone. Compr Physiol
1529-1548. https://doi.org/10.1002/cphy.c150051

Oldendorf WH, Cornford ME, Brown W1J (1977) The large appar-
ent work capability of the blood-brain barrier: a study of the mito-
chondrial content of capillary endothelial cells in brain and other
tissues of the rat. Ann Neurol 1:409—417. https://doi.org/10.1002/
ana.410010502

Victor VM, Rocha M (2007) Targeting antioxidants to mito-
chondria: a potential new therapeutic strategy for cardio-
vascular diseases. Curr Pharm Des 13:845-863. https:/doi.
org/10.2174/138161207780363077

Puddu P, Puddu GM, Cravero E et al (2009) The emerging
role of cardiovascular risk factor-induced mitochondrial dys-
function in atherogenesis. J Biomed Sci 16:112. https://doi.
org/10.1186/1423-0127-16-112

Van Hameren G, Muradov J, Minarik A et al (2023) Mitochon-
drial dysfunction underlies impaired neurovascular coupling fol-
lowing traumatic brain injury. Neurobiol Dis 186:106269. https://
doi.org/10.1016/j.nbd.2023.106269

Zhang B, Gao Y, Li Q et al (2020) Effects of Brain-Derived Mito-
chondria on the function of Neuron and Vascular endothelial cell

Springer

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

after traumatic brain Injury. World Neurosurg 138:e1-e9. https://
doi.org/10.1016/j.wneu.2019.11.172

Haseloff RF, Dithmer S, Winkler L et al (2015) Transmembrane
proteins of the tight junctions at the blood—brain barrier: struc-
tural and functional aspects. Semin Cell Dev Biol 38:16-25.
https://doi.org/10.1016/j.semcdb.2014.11.004

Aung HH, Altman R, Nyunt T et al (2016) Lipotoxic brain micro-
vascular injury is mediated by activating transcription factor
3-dependent inflammatory and oxidative stress pathways. J Lipid
Res 57:955-968. https://doi.org/10.1194/j1r.M061853

Aliev G, Smith MA, Seyidova D et al (2002) The role of oxi-
dative stress in the pathophysiology of cerebrovascular lesions
in Alzheimer’s Disease. Brain Pathol 12:21-35. https://doi.
org/10.1111/j.1750-3639.2002.tb00419.x

Lyros E, Bakogiannis C, Liu Y, Fassbender K (2014) Molecular
links between endothelial dysfunction and neurodegeneration in
Alzheimer’s Disease. CAR 11:18-26. https://doi.org/10.2174/15
67205010666131119235254

Schulz JB, Matthews RT, Klockgether T et al (1997) The role
of mitochondrial dysfunction and neuronal nitric oxide in ani-
mal models of neurodegenerative diseases. Mol Cell Biochem
174:193-197

Rutkai I, Katakam PVG, Dutta S, Busija DW (2014) Sustained
mitochondrial functioning in cerebral arteries after transient isch-
emic stress in the rat: a potential target for therapies. Am J Physiol
Heart Circ Physiol 307:H958-966. https://doi.org/10.1152/
ajpheart.00405.2014

Busija DW, Katakam PV (2014) Mitochondrial mechanisms
in cerebral vascular control: Shared Signaling pathways
with Preconditioning. J Vasc Res 51:175-189. https:/doi.
org/10.1159/000360765

Chrissobolis S (2011) Oxidative stress and endothelial dysfunc-
tion in cerebrovascular disease. Front Biosci 16:1733. https://doi.
org/10.2741/3816

Andrews RN, Metheny-Barlow LJ, Peiffer AM et al (2017) Cere-
brovascular remodeling and neuroinflammation is a late effect of
Radiation-Induced Brain Injury in Non-human Primates. Radiat
Res 187:599-611. https://doi.org/10.1667/RR14616.1

Zhang C, Zheng J, Chen W et al (2023) Mitochondrial-targeting
fluorescent small molecule IR-780 alleviates radiation-induced
brain injury. Brain Res 1805:148285. https://doi.org/10.1016/j.
brainres.2023.148285

Rahimi-Madiseh M, Malekpour-Tehrani A, Bahmani M, Rafie-
ian-Kopaei M (2016) The research and development on the anti-
oxidants in prevention of diabetic complications. Asian Pac J Trop
Med 9:825-831. https://doi.org/10.1016/j.apjtm.2016.07.001
Bakuy V, Unal O, Gursoy M et al (2014) Electron Microscopic
Evaluation of Internal Thoracic Artery Endothelial Morphology
in Diabetic Coronary Bypass patients. Ann Thorac Surg 97:851—
857. https://doi.org/10.1016/j.athoracsur.2013.09.102

Zeng Y, Pan Q, Wang X et al (2019) Impaired mitochondrial
Fusion and oxidative phosphorylation triggered by high glucose
is mediated by Tom22 in endothelial cells. Oxidative Med Cell
Longev 2019:1-23. https://doi.org/10.1155/2019/4508762

Qin R, Lin D, Zhang L et al (2020) Mst1 deletion reduces hyper-
glycemia-mediated vascular dysfunction via attenuating mito-
chondrial fission and modulating the JNK signaling pathway. J
Cell Physiol 235:294-303. https://doi.org/10.1002/jcp.28969
HangP-Z,LiP-F, LiuJ etal (2022) Small-molecule 7,8-dihydroxy-
flavone counteracts compensated and decompensated cardiac
hypertrophy via AMPK activation. J Geriatr Cardiol 19:853-866.
https://doi.org/10.11909/j.issn.1671-5411.2022.11.002

Makino A, Scott BT, Dillmann WH (2010) Mitochondrial frag-
mentation and superoxide anion production in coronary endothe-
lial cells from a mouse model of type 1 diabetes. Diabetologia
53:1783-1794. https://doi.org/10.1007/s00125-010-1770-4


https://doi.org/10.1016/j.wneu.2019.11.172
https://doi.org/10.1016/j.wneu.2019.11.172
https://doi.org/10.1016/j.semcdb.2014.11.004
https://doi.org/10.1194/jlr.M061853
https://doi.org/10.1111/j.1750-3639.2002.tb00419.x
https://doi.org/10.1111/j.1750-3639.2002.tb00419.x
https://doi.org/10.2174/1567205010666131119235254
https://doi.org/10.2174/1567205010666131119235254
https://doi.org/10.1152/ajpheart.00405.2014
https://doi.org/10.1152/ajpheart.00405.2014
https://doi.org/10.1159/000360765
https://doi.org/10.1159/000360765
https://doi.org/10.2741/3816
https://doi.org/10.2741/3816
https://doi.org/10.1667/RR14616.1
https://doi.org/10.1016/j.brainres.2023.148285
https://doi.org/10.1016/j.brainres.2023.148285
https://doi.org/10.1016/j.apjtm.2016.07.001
https://doi.org/10.1016/j.athoracsur.2013.09.102
https://doi.org/10.1155/2019/4508762
https://doi.org/10.1002/jcp.28969
https://doi.org/10.11909/j.issn.1671-5411.2022.11.002
https://doi.org/10.1007/s00125-010-1770-4
https://doi.org/10.1007/s10495-023-01847-z
https://doi.org/10.1152/ajprenal.00285.2020
https://doi.org/10.1002/jcp.30084
https://doi.org/10.1002/jcp.30084
https://doi.org/10.1371/journal.pone.0291909
https://doi.org/10.1371/journal.pone.0291909
https://doi.org/10.1016/j.kint.2022.08.019
https://doi.org/10.1016/j.kint.2022.08.019
https://doi.org/10.1134/S0006297916120154
https://doi.org/10.1152/ajprenal.00697.2013
https://doi.org/10.1152/ajprenal.00697.2013
https://doi.org/10.1016/j.kint.2016.06.013
https://doi.org/10.1016/j.kint.2016.06.013
https://doi.org/10.1093/ajh/hpaa047
https://doi.org/10.1093/ajh/hpaa047
https://doi.org/10.1017/S1462399411001918
https://doi.org/10.1017/S1462399411001918
https://doi.org/10.1002/cphy.c150051
https://doi.org/10.1002/ana.410010502
https://doi.org/10.1002/ana.410010502
https://doi.org/10.2174/138161207780363077
https://doi.org/10.2174/138161207780363077
https://doi.org/10.1186/1423-0127-16-112
https://doi.org/10.1186/1423-0127-16-112
https://doi.org/10.1016/j.nbd.2023.106269
https://doi.org/10.1016/j.nbd.2023.106269

Angiogenesis (2024) 27:623-639

639

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Iannantuoni F, De Marafion M, Abad-Jiménez A Z, et al (2020)
Mitochondrial alterations and enhanced human Leukocyte/Endo-
thelial cell interactions in type 1 diabetes. JCM 9:2155. https://
doi.org/10.3390/jcm9072155

Xi J, Rong Y, Zhao Z et al (2021) Scutellarin ameliorates high
glucose-induced vascular endothelial cells injury by activat-
ing PINKI1/Parkin-mediated mitophagy. J Ethnopharmacol
271:113855. https://doi.org/10.1016/j.jep.2021.113855

Li S, Deng J, Sun D et al (2022) FBXW?7 alleviates hypergly-
cemia-induced endothelial oxidative stress injury via ROS
and PARP inhibition. Redox Biol 58:102530. https://doi.
org/10.1016/j.redox.2022.102530

Xiang J, Zhang C, Di T et al (2022) Salvianolic acid B alleviates
diabetic endothelial and mitochondrial dysfunction by down-reg-
ulating apoptosis and mitophagy of endothelial cells. Bioengi-
neered 13:3486-3502. https://doi.org/10.1080/21655979.2022.2
026552

Wang X, Zhang J-Q, Xiu C-K et al (2020) Ginseng-Sanqi-
Chuanxiong (GSC) extracts ameliorate Diabetes-Induced endo-
thelial cell senescence through regulating Mitophagy via the
AMPK pathway. Oxid Med Cell Longev 2020:7151946. https://
doi.org/10.1155/2020/7151946

Zhang X, Zhou H, Chang X (2023) Involvement of mitochon-
drial dynamics and mitophagy in diabetic endothelial dysfunction
and cardiac microvascular injury. Arch Toxicol 97:3023-3035.
https://doi.org/10.1007/s00204-023-03599-w

Li S, Zhang J, Liu C et al (2021) The role of Mitophagy in regu-
lating cell death. Oxid Med Cell Longev 2021:6617256. https://
doi.org/10.1155/2021/6617256

Zhao Y-W, Yan K-X, Sun M-Z et al (2022) Inflammation-based
different association between anatomical severity of coronary
artery disease and lung cancer. J Geriatr Cardiol 19:575-582.
https://doi.org/10.11909/j.issn.1671-5411.2022.08.003

Park H, Chung KM, An H-K et al (2019) Parkin promotes
mitophagic cell death in adult hippocampal neural stem cells fol-
lowing insulin withdrawal. Front Mol Neurosci 12:46. https://doi.
org/10.3389/fnmol.2019.00046

Dave GS, Kalia K (2007) Hyperglycemia induced oxidative stress
in type-1 and type-2 diabetic patients with and without nephropa-
thy. Cell Mol Biol (Noisy-le-grand) 53:68—78

Bhatti JS, Bhatti GK, Reddy PH (2017) Mitochondrial dysfunc-
tion and oxidative stress in metabolic disorders — a step towards

115.

116.

117.

118.

119.

120.

121.

122.

123.

mitochondria based therapeutic strategies. Biochimica et Bio-
physica Acta (BBA) -. Mol Basis Disease 1863:1066—1077.
https://doi.org/10.1016/j.bbadis.2016.11.010

Stocker R, Keaney JF (2004) Role of oxidative modifications
in atherosclerosis. Physiol Rev 84:1381-1478. https://doi.
org/10.1152/physrev.00047.2003

Roy Chowdhury SK, Sangle GV, Xie X et al (2010) Effects of
extensively oxidized low-density lipoprotein on mitochondrial
function and reactive oxygen species in porcine aortic endothelial
cells. Am J Physiol Endocrinol Metab 298:E89-98. https://doi.
org/10.1152/ajpendo.00433.2009

Sangle GV, Chowdhury SKR, Xie X et al (2010) Impairment
of mitochondrial respiratory chain activity in aortic endo-
thelial cells induced by glycated low-density lipoprotein.
Free Radic Biol Med 48:781-790. https://doi.org/10.1016/j.
freeradbiomed.2009.12.017

Shen X G (2012) Mitochondrial dysfunction, oxidative stress and
Diabetic Cardiovascular disorders. CHDDT 12:106—112. https://
doi.org/10.2174/1871529X11202020106

Zhou H, Wang S, Zhu P et al (2018) Empagliflozin rescues dia-
betic myocardial microvascular injury via AMPK-mediated inhi-
bition of mitochondrial fission. Redox Biol 15:335-346. https://
doi.org/10.1016/j.redox.2017.12.019

Hagberg CE, Falkevall A, Wang X et al (2010) Vascular endothe-
lial growth factor B controls endothelial fatty acid uptake. Nature
464:917-921. https://doi.org/10.1038/nature08945

Muoio DM (2010) Metabolism and vascular fatty acid trans-
port. N Engl J Med 363:291-293. https://doi.org/10.1056/
NEJMcibr1005397

Hagberg CE, Mehlem A, Falkevall A et al (2012) Targeting
VEGF-B as a novel treatment for insulin resistance and type 2 dia-
betes. Nature 490:426-430. https://doi.org/10.1038/nature11464

Hagberg C, Mehlem A, Falkevall A et al (2013) Endothelial
fatty acid transport: role of vascular endothelial growth fac-
tor B. Physiol (Bethesda) 28:125-134. https://doi.org/10.1152/
physiol.00042.2012

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1152/physrev.00047.2003
https://doi.org/10.1152/physrev.00047.2003
https://doi.org/10.1152/ajpendo.00433.2009
https://doi.org/10.1152/ajpendo.00433.2009
https://doi.org/10.1016/j.freeradbiomed.2009.12.017
https://doi.org/10.1016/j.freeradbiomed.2009.12.017
https://doi.org/10.2174/1871529X11202020106
https://doi.org/10.2174/1871529X11202020106
https://doi.org/10.1016/j.redox.2017.12.019
https://doi.org/10.1016/j.redox.2017.12.019
https://doi.org/10.1038/nature08945
https://doi.org/10.1056/NEJMcibr1005397
https://doi.org/10.1056/NEJMcibr1005397
https://doi.org/10.1038/nature11464
https://doi.org/10.1152/physiol.00042.2012
https://doi.org/10.1152/physiol.00042.2012
https://doi.org/10.3390/jcm9072155
https://doi.org/10.3390/jcm9072155
https://doi.org/10.1016/j.jep.2021.113855
https://doi.org/10.1016/j.redox.2022.102530
https://doi.org/10.1016/j.redox.2022.102530
https://doi.org/10.1080/21655979.2022.2026552
https://doi.org/10.1080/21655979.2022.2026552
https://doi.org/10.1155/2020/7151946
https://doi.org/10.1155/2020/7151946
https://doi.org/10.1007/s00204-023-03599-w
https://doi.org/10.1155/2021/6617256
https://doi.org/10.1155/2021/6617256
https://doi.org/10.11909/j.issn.1671-5411.2022.08.003
https://doi.org/10.3389/fnmol.2019.00046
https://doi.org/10.3389/fnmol.2019.00046

	﻿Emerging insights into the pathogenesis and therapeutic strategies for vascular endothelial injury-associated diseases: focus on mitochondrial dysfunction
	﻿Abstract
	﻿Introduction
	﻿Cardiovascular diseases
	﻿Deacetylase sirtuin
	﻿Ionic homeostasis
	﻿Other factors
	﻿Pulmonary vascular diseases
	﻿Kidney-related vascular diseases
	﻿Cerebrovascular diseases
	﻿Diabetic microvascular disease

	﻿Conclusion and perspectives
	﻿References


