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Abstract

Increasing evidence shows that endothelial cells play critical roles in maintaining vascular homeostasis, regulating vascular
tone, inhibiting inflammatory response, suppressing lipid leakage, and preventing thrombosis. The damage or injury of
endothelial cells induced by physical, chemical, and biological risk factors is a leading contributor to the development of
mortal cardiovascular and cerebrovascular diseases. However, the underlying mechanism of endothelial injury remains to
be elucidated. Notably, no drugs effectively targeting and mending injured vascular endothelial cells have been approved
for clinical practice. There is an urgent need to understand pathways important for repairing injured vasculature that can be
targeted with novel therapies. Exercise training-induced protection to endothelial injury has been well documented in clinical
trials, and the underlying mechanism has been explored in animal models. This review mainly summarizes the protective
effects of exercise on vascular endothelium and the recently identified potential therapeutic targets for endothelial dysfunction.
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The Physiological Function of Vascular
Endothelium

Vascular endothelial cells (VECs) consist of a single layer
of flattened cells situated longitudinally along the direction
of blood flow [1-3]. An adult human is composed approxi-
mately of more than 10'? endothelial cells, which weigh
approximately 100 g and cover a surface area of about 1000
m? [1, 4]. Endothelium not only serves as a barrier between
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blood and solid tissue but also is one of the most important
metabolic and endocrine organs in the human body [5, 6].
Endothelium synthesizes and releases a variety of growth
factors, vasodilators, vasoconstrictors, coagulation, and anti-
coagulation factors, playing critical roles in regulating vas-
cular tone; inhibiting platelet activation, leukocyte adhesion,
and migration; preventing thrombogenesis and inflammatory
response; suppressing smooth muscle cell proliferation; pro-
moting fibrinolysis; and maintaining the stability and integ-
rity of vasculature [5-8].

Endothelium-derived relaxing factor (EDRF) is recog-
nized as the most essential vasodilator, stimulated by ace-
tylcholine (Ach), and regulates vascular tone. The function
of EDREF is majorly mediated by nitric oxide (NO) [9, 10],
which has been well studied in recent years and is majorly
accepted as the most important endothelium-derived vaso-
dilator. A critical vasoconstrictor, endothelin-1 (ET-1), has
long-lasting effects on vasculature, released from endothe-
lium [11]. Besides, endothelial cells serve as a source of
physiologically important molecules, such as prostacyc-
lin (PGI2), thrombomodulin (TM), von Willebrand factor
(VWF), thromboxane A2 (TXA?2), and tissue factor (TF)
(Fig. 1) [4, 12]. These factors antagonize each other and
maintain the vascular homeostasis. It is noteworthy that the
overall vascular response to stimulation, either relaxation
or contraction, will be the result of a complex interaction
between different vascular regulators.
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Fig. 1 Endothelium functions as an important endocrine organ.
TXA2, thromboxane A2; TF, tissue factor; PAI, plasminogen activa-
tor inhibitor; PAF, platelet activating factor; TSP, thrombospondin;
VWFEF, von Willebrand factor; AT-III, antithrombin III; TFPI, tissue
factor pathway inhibitor; TM, thrombomodulin; t-PA, tissue plas-
minogen activator; PGI2, prostaglandin 12, also called prostacyclin;
EDRF, endothelium derived relaxing factor; NO, nitric oxide; EDHF,

Risk Factors of Vascular Endothelial
Dysfunction and Their Effects in Different
Organs

Endothelial cells are the essential components of the circu-
latory system, which play critical roles in maintaining the
homeostasis of different organs and tissues [13]. Different

endothelium-derived hyperpolarizing factor; CNP, c-type natriuretic
peptide; ET-1, endothelin; ACE, angiotensin converting enzyme;
EDCF1, endothelium-derived contracting factor 1; FGF, fibroblast
growth factor; PDGF, platelet derived growth factor; TGF, transform-
ing growth factor; IGF, insulin-like factor; IL-6, interleukin-6; IL-1f,
interleukin-1f3; MCP1, monocyte chemoattractant protein- 1

endothelial risk factors, such as hypertension, hypercho-
lesterolemia, hyperglycemia, homocysteine (Hcy), and
oxidized low-density lipoprotein (ox-LDL), inflammatory
factors (such as interleukin-6 (IL-6) and tumor necrosis
factor o (TNF-a)), obesity, aging, estrogen deficiency, and
mental stress [3, 14-16] could affect vascular endothe-
lium and subsequently damage the blood vessels (Fig. 2).
Endothelial dysfunction is a hallmark of impairment of

Fig.2 Risk factors impair
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vasculature and plays a pivotal role in the development of
many types of human diseases [17, 18].

Heart harbors many types of endothelial cells, including
endocardial endothelium, coronary endothelial cells, and
microvascular endothelial cells, which play distinct roles in
maintaining cardiac function [19]. Cardiac endothelial cells
form a natural barrier between circulating blood and myo-
cardial tissue, deliver oxygen and nutrients, remove meta-
bolic waste, and influence cardiac growth, contractility, and
rhythm [20]. Dysfunction of cardiac endothelial cells has
been found to occur in atrial fibrillation, arrhythmia, car-
diac hypertrophy, myocardial ischemia/reperfusion injury,
and heart failure [21, 22]. Damage in coronary endothelial
cells results in lower NO synthesis, higher oxidative stress,
inflammation and lipid deposition, abnormal smooth muscle
proliferation and remodeling, and possibly coronary throm-
bosis and has been considered as an early stage of cardiac
dysfunction and heart failure [23].

Lung alveolus, the gas exchange machinery, consists of
multiple types of cells, including epithelial, endothelial,
and mesenchymal cell lineages [24]. Pulmonary endothelial
cells are important regulators in the lung alveolus that allow
oxygen and carbon dioxide to exchange between blood and
air. Pulmonary endothelial cells injury contributes to the
development and progression of pulmonary diseases, such as
pulmonary arterial hypertension (PAH), chronic obstructive
pulmonary disease (COPD), and coronavirus disease 2019
(COVID-19) [25].

Cerebrovascular endothelial cells are components of
both the neurovascular unit and the blood—brain barrier
[26]. Damage in cerebrovascular endothelial cells is tightly
correlated with the progression of cerebrovascular dis-
eases. The blood-brain barrier, formed by brain capillary
endothelial cells and covered by the basement membranes,
surrounded by astrocytes end-feet and pericytes, has been
shown to be critically involved in the regulation of the
molecular exchange between brain parenchyma and blood
flow. Blood—brain barrier dysfunction has been found to be
involved in many types of neurological diseases, including
Alzheimer’s disease, cerebral adrenouleukodystrophy, and
amyotrophic lateral sclerosis [13]. Small vessel diseases
due to the endothelial dysfunction occurred in cerebral
microvessels, including arterioles, capillaries, and venules,
cause various lesions and abnormalities, such as white mat-
ter hyperintensities, subcortical infarcts, and lacunes seen
on brain imaging [27, 28].

Kidney consists of remarkably diversified endothelial
cell populations, including the glomerular endothelium, the
endothelium of large and small vessels, and microvascular
endothelium in peritubular capillaries [29]. The glomerular
endothelial cells, highly fenestrated and covered by a rich
glycocalyx, are involved in the podocyte structure and glo-
merular filtration property maintenance. The large and small

vessel endothelium contributes to the renal vasculature. The
microvascular endothelium is involved in tubular secretion
and reabsorption. Renal endothelium possesses varied func-
tions, and damage in them implicates in many types of kid-
ney diseases, such as atypical hemolytic uremic syndrome
(ahus), glomerulonephritides, acute kidney injury (AKI),
and renal failure [30]. The endothelial-to-mesenchymal tran-
sition (EndMT) process is the key driver of renal fibrosis and
the development of chronic kidney disease [31].

Liver sinusoidal endothelial cells (LSECs) are highly spe-
cialized and localized at the interface between blood cells
and hepatocytes [32]. LSECs play pivotal roles in regulat-
ing hepatic vascular tone, keeping the low portal pressure,
preventing Kupffer cell and hepatic stellate cell activation,
and maintaining liver homeostasis. Dysfunction of LSECs
is recognized as the early event in the progression of chronic
liver diseases. Injury of LSECs increases ET-1 level and
decreases NO level, activates hepatic stellate cells, promotes
renal fibrosis, increases intrahepatic resistance, and leads to
large array of liver diseases [33, 34].

Mechanistically, the endothelium deterioration is caused
mainly by inadequate release of NO and excessive oxidative
stress. The NO is constitutively generated by NO synthase
(NOS) from oxygen and L-arginine in endothelial cells.
There are three different isoforms of NOS, endothelial NOS
(eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS)
[35]. eNOS is constitutively expressed in endothelium and
catalyzes the synthesis of NO, which diffuses into the vascu-
lar smooth muscle cells, activates soluble guanylate cyclase
(GC), and induces vascular relaxation. iNOS is activated
under pathological conditions, produces excessive NO of
short duration and exhausts the L-arginine substrate, and
eventually leads to insufficiency of NO. Moreover, excessive
NO derived from high levels of iNOS interacts with reac-
tive oxygen species (ROS) and causes endothelial oxidative
damage [36].

ROS is generated by vascular endothelial cells that
include superoxide, hydrogen peroxide, peroxynitrite,
hydroxyl radicals, and some free radicals. It is known that
a small amount of ROS such as H,0, serves as a positive
signaling molecule to trigger NO generation under physi-
ological conditions. However, excessive ROS in the blood
vessel results in the endothelial dysfunction and the acti-
vation of inflammatory response [37]. Thus, maintaining
ROS at a proper level by precise regulatory mechanisms
is very important to keep endothelium integrity. NAD(P)
H oxidase (NOX) acts as the main contributor of vascular-
derived ROS and is upregulated in the arteries of patients
with diabetes and obesity. Increased NOX activity results
in the oxidation of tetrahydrobiopterin (BH4), an eNOS
essential cofactor, which causes eNOS dimers to separate
and produce superoxide instead of NO. The production of
superoxide by eNOS, called uncoupling, leads to decreased
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NO bioavailability and oxidative stress [37]. There are sev-
eral types of reductases to counteract NOX activity and pre-
vent oxidative stress, such as superoxide dismutase (SOD),
catalase, and glutathione sulfur transferase (GST). However,
excessive ROS stimulated by risk factors reduces the activity
of antioxidant enzymes and impairs the antioxidant defense
system [37, 38].

Roles of the Endothelium in Metabolic
Homeostasis

The endothelium is a dynamic organ and could be divided
into arterial, venous, capillary, and lymphatic subtypes
according to their architectures and functions [29]. Accu-
mulating data indicates that vascular endothelium plays a
pivotal role in the regulation of metabolic homeostasis [39].
Numerous studies support that hypercholesterolemia, hyper-
glycemia, Hey, ox-LDL, and other metabolic stresses criti-
cally contribute to endothelial dysfunction and the resulted
vascular diseases. In normoxia, all the endothelial cell types
are highly glycolytic and exhibit a comparable glucose uti-
lization as some cancer cells and a much higher glycolytic
flux in tumor endothelial cells [40]. Endothelial cells remain
at a quiescent state for years, while they could switch rap-
idly into a highly proliferative and migratory state, namely
angiogenic state, during vessel sprouting. It was found that
metabolism in endothelium differs between quiescent state
and angiogenic state, between normal state and pathologi-
cal vasculature, and among different endothelial cell types
[41]. A histochemical study in coronary arteries and arte-
rioles and another study in renal arteries and arterioles
both suggest that the metabolism in these arteries is pre-
dominantly aerobic in nature [42, 43]. Fatty acids might
be the major energy source in coronary arteries, while lim-
ited lipid catabolism was indicated in renal arteries [42,
43]. Another study with chronic epinephrine intoxication-
induced vascular remodeling in rabbits found that changes
in energy metabolism differed in arteries and veins: There
are decreased oxygen consumption and increased lactic acid
and ATP production in arteries, while in veins, these defi-
ciencies were either present as significantly lower amount
or remained absent [44]. Capillaries are the smallest blood
vessels and the connection between veins and arteries,
playing essential roles in substance exchange and metabo-
lism homeostasis. Capillaries are capable of sensing and
responding to vasoactive stimuli, coupling local blood flow
with local metabolism, and ensuring blood flow matches
with capillary exchange [45].

The O subfamily of forkhead (FoxO) 1 has been found
to be a crucial regulator of glucose and lipid metabolic
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pathways in many organs and tissues, including endothe-
lium [46]. FoxOl1 is a downstream effector of the phos-
phatidylinositol-3-OH kinase (PI3K)/AKT and is involved
in the regulation of both cell growth and cellular metab-
olism. PI3K/AKT phosphorylates FoxO1, impedes its
nuclear localization, and inhibits its function as a tran-
scription factor [47]. Many factors in endothelium affect
FoxOl1 activity or post-translation modification. Insulin-
signaling cascade deregulation is correlated with the
reduction of FoxO1 phosphorylation. SIRT1, known as
NAD-dependent deacetylase sirtuin-1, regulates FoxO1
via its deacetylase activity, promoting its effect in angi-
ogenesis and metabolic remodeling [48]. The overex-
pression of nuclear FoxO1 isoform in human umbilical
endothelial cells (HUVECSs) has been found to increase
endogenous eNOS inhibitor dimethylarginine (SDMA
and ADMA) levels, decrease NO production, and increase
inflammation and oxidative stress [46]. Specific deple-
tion of FoxO1 in endothelium has been found to promote
endothelial proliferation and glucose metabolism, indicat-
ing that FoxO1 plays pivotal roles in controlling angio-
genic and glycolytic capacities and maintaining energy
homeostasis in endothelium [49].

Diagnosis of the Vascular Endothelial
Dysfunction in Clinical Practice

Endothelial dysfunction is considered the initial step of
atherosclerosis and many other vascular diseases that pre-
cedes the detection of structural abnormality and plaque
formation observed by high-resolution ultrasound or angi-
ography [16, 21]. Effectively retarding or reversing the vas-
cular endothelial dysfunction in the early stage appears to
be promising therapeutic strategies to prevent vasculature
from further deterioration and formation of lethal vascular
diseases [8]. Therefore, the effective and precise diagnosis
of the endothelial dysfunction is recognized as a key issue
in clinical practice.

The most common method used to measure endothe-
lial dysfunction is endothelium-dependent flow-mediated
vasodilatation (FMD) measured by high-resolution ultra-
sound [50]. Nowadays, measurement of FMD in a con-
duit artery (commonly brachial artery) or measurement
of the FMD stimulated by agonist Ach has been used as
an endothelial dysfunction index in many clinical settings.
These are non-invasive methods and can be performed
in outpatient clinics [51]. An increase in blood flow and
shear stress by agonist or exercise activates eNOS activity,
causes vasodilator NO generation, and eventually results in
FMD changes. Comparison of the FMD index could reflect
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endothelial function and the NO bioavailability of the con-
duit artery. Low FMD in the brachial artery mainly reflects
the endothelial damage in macrovascular vessels [52]. It is
well documented that microvascular endothelial damage is
formed before the macrovascular injury and could act as
an early marker of vasculature damage [21]. Based on the
peripheral arterial tonometry (PAT) technology, reactive
hyperemia index (RHI), another non-invasive method, is
now developed to be a reliable strategy and is utilized to
assess the damage of microvascular endothelium [52, 53].
RHI has been found to be correlated with flow-mediated
dilation (FMD) and is comparable for evaluating endothelial
dysfunction [53].

Circulating endothelial cells (CECs) are derived from
damaged vasculature through direct detachment from the
blood vessel in response to many risk factors and mechanical
injury. CEC count is an important and acceptable index for
the assessment of endothelial dysfunction [54, 55]. Different
from the other circulating markers detected in the plasma of
peripheral blood, the enrichment of CECs is the only direct
cellular marker of endothelial dysfunction. More impor-
tantly, increased CEC counts is associated with increased
severity of vascular disease and worsened prognosis, indi-
cating a potential correlation between increased CEC counts
and disease burden [54].

Endothelial damage markers implicate adverse vascular
changes, including arterial vasomotor control, prothrombo-
genic status, pro-inflammatory states, impaired fibrinolysis,

and the imbalance between cell proliferation and cell death
[54]. Except for lower FMD index and increased CEC
counts, the elevation of many other markers in peripheral
blood, such as endothelin-1 (ET-1), von Willebrand factor
(VWF), soluble E-selectin (sEsel), soluble intercellular cell
adhesion molecule 1 (SICAM-1), and soluble vascular cell
adhesion molecule 1 (sVCAM-1), also reflects the severity
of the endothelial injury and could be used as the predictors
of vascular diseases [15, 54].

Rescue Endothelial Injury by Physical
Exercise

Cardio-metabolic benefits of exercise in many cardiovascu-
lar diseases have been well documented in epidemiological
and clinical studies [35, 56]. Exercise was found to reduce
the incidence of high blood pressure, diabetes, and stroke.
Until now, physical exercise was fully accepted and taken
as a non-drug therapeutic strategy to use both in disease
prevention and disease treatment [57]. Numerous studies in
clinical trials and animal models showed that exercise exerts
endothelial protection and helps in retaining the endothelial
function (Fig. 3) [58-60].

In response to exercise, the working skeletal muscle con-
sumes more oxygen and energy, which results in elevated car-
diac contractility, heart rate, blood pressure, blood flow, and
endothelium-dependent vasodilation, to meet the oxygen and

Fig.3 The underlying /

dysfunction

Increase blood flow
Increase shear stress
Reduce blood pressure
Activate eNOS

Increase NO bioavailabilty

~

Improve

endothelial
dysfunction

mechanism of the exercise in
__d&
¢
__ %

the protection of endothelial
EXERCISE

Inhibit Nox
Increase SOD
Reduce oxidative stress

Increase the number of EPC
Increase EPC mobilization and
recruitment

Increase EPC homing

Atherosclerosis

Reduce inflammation

Diabetes
Pulmonary artery hypertension

Myocardial ischemia

Activate IRS1-PI3K-AKT signaling
Activate AMPK -PPAR&-cascade
Reduce ER stress

Reduce ET-1 and calcium level
Increase plasma cGMP

\S

Increase SIRT1

Coronary artery disease

@ Springer



Journal of Cardiovascular Translational Research

energy demand [35, 61]. Exercise-induced ischemic metabo-
lites of the vascular system would cause the generation and
elevation of ROS. However, the overall net effect of long-term
exercise will ultimately improve the tolerance of oxidative stress
and mitigate the oxidative burden. Apocynin, a NOX inhibitor,
has been found to reduce ROS level and reverse microvascular
endothelial injury in obese subjects. The animal studies using
apocynin and other antioxidants suggested that aerobic exercise
decreases oxidative stress and preserves endothelial function
through inhibiting NOX activity [62]. It was also found that
shear stress induced by excise increases NO bioavailability,
which plays a critical role in regulating ischemic metabolites
in skeletal muscle during exercise. The augment of shear stress
activates the eNOS activity, increases NO production, and
improves endothelial function.

Exercise has been undisputedly recognized to stimulate
NO production and protect against endothelial damage.
However, it remains unclear how exercise-elevated shear
stress is translated to the signal of NO generation [63]. Vari-
ous types of growth factors have been found to be induced by
exercise and released into the circulation system, including
insulin-like growth factor 1 (IGF1), platelet-derived growth
factor (PDGF), and vascular endothelial growth factor
(VEGF) [35]. In response to exercise, IGF1-IGF1 receptor
(IGF1R)-insulin receptor substrate (IRS) is capable of acti-
vating PI3K-AKT signaling pathway, which plays a key role
in maintaining optimal vascular function [64]. After binding
to IGF1R, IGF1 subsequently recruits the IRS1/IRS2, which
activates PI3K-AKT signaling and increases AKT-mediated
eNOS phosphorylation and NO production. VEGF binds to
the VEGF receptor (VEGFR1/VEGFR?2) on the surface of
endothelium and activates PI3K-AKT signaling, which fur-
ther enhances endogenous angiogenesis and vascular wound
healing [35, 64].

On the contrary, animal studies have found that inhibition
of NOS resulted in reduced blood flow within exercising
skeletal muscles and decreased exercise capacity. Similar
results were found in patients with chronic kidney disease
(CKD) or heart failure (HF). Low FMD detected in these
patients reflects inadequate NO release derived from injured
endothelium. Reduced NO bioavailability causes abnormal
blood flow within the working skeletal muscles and is asso-
ciated with impaired exercise capacity measured by VO,
peak in these patients, which could be used as a predictor of
vasculature damage [61, 65].

The Beneficial Effects of Exercise
on Endothelial Progenitor Cells

The endothelium is a self-renew system; however, disrup-

tion of the injury and repair balance of endothelium will
lead to the pathophysiology of vascular diseases. The
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endothelial injury can be repaired by endothelial cell pro-
liferation, the differentiation of endothelial progenitor cells
(EPCs) to endothelial cells, and other mechanisms [66, 67].
There is a study in 1997 showing for the first time that
human peripheral blood-derived EPC is one kind of stem
cells which plays important role in endothelial repair and
angiogenesis [68]. Endothelial injury triggers the mobi-
lization of EPCs from the bone marrow to the damaged
region and is rescued via EPC proliferation and differentia-
tion [69]. Many studies have found that the pathogenesis of
various vascular diseases (such as diabetes, hypertension,
and atherosclerosis) is related to EPC aging [11], within
which EPCs show lower capacity of migration, adhesion,
and angiogenesis and weakened vascular endothelial repa-
rability. There are a series of reported strategies targeting
EPCs to repair damaged endothelium, such as direct EPC
transplantation or in vivo stimulation of EPC mobilization
and proliferation [70-72]. Certain drugs, including aspi-
rin, resveratrol, rosiglitazone, and pyrrolidone, have been
found to improve EPC mobilization and delay the aging
of EPC. Subramaniyam et al. found that granulocyte—mac-
rophage colony-stimulating factor (GM-CSF) treatment
could mobilize the EPCs, repair the endothelial dysfunc-
tion, and restore the injured vascular tissue in patients with
peripheral arterial disease (PAD) [73]. Growing evidence
showed that exercise training (ET) enhances endothelial
renewal, induces EPC mobilization from the bone marrow
niche, promotes homing of EPC to damaged vascular sites,
and eventually counteracts endothelial dysfunction [74,
75]. In one clinical trial, twenty patients with documented
coronary artery disease (CAD) and/or cardiovascular risk
factors (CVRF) were recruited to join a 12-week supervised
exercise training (SET). The beneficial effects of SET on
endothelium were demonstrated by the increased number
of circulating EPC, elevated NO production, and improved
FMD of the brachial artery in training group patients [76].
In another clinical research, 40 PAD patients under medi-
cal treatments were randomly assigned to SET group or
control group. It was found that 6 months of SET increases
the number of circulating EPC and decreases the plasma
levels of asymmetric dimethylarginine (ADMA, an inhibi-
tor of NOS), both reflecting improved endothelial function
[77]. In addition, 37 patients with ST-elevation myocardial
infarction (STEMI) were randomized to an ET group or a
matched sedentary group (control). Consistently, after regu-
lar ET, the number and the migration capacity of circulating
progenitor cells (CPCs) were increased, the brain natriu-
retic peptide (BNP) level was decreased, and VO, max was
elevated [78]. Overall, all these clinical trials listed above
and others indicate that exercise protects against endothelial
dysfunction by targeting EPCs.
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The Beneficial Effects of Exercise
on Endothelial Dysfunction in Coronary
Artery Disease and Chronic Heart Failure

Endothelial dysfunction is a key feature of CAD and
chronic heart failure (CHF). Numerous clinical trials
showed that ET is an effective countermeasure for the
injured endothelium in CAD and CHF patients [79]. The
protective effects of 4 weeks of ET on endothelial dys-
function in patients with CAD (10 training patients and 9
control patients) were demonstrated by the improvement of
Ach-induced vasoconstrictive responses and the increased
mean peak flow velocity both in epicardial coronary ves-
sels and in resistance vessels [80]. Another clinical trial
showed that 8 weeks of ET rescued endothelium function
as demonstrated by improved FMD in stable CAD patients
(32 exercisers and 32 control), but with no changes of
inflammation, oxidative stress, and endothelial progeni-
tor cell [81]. The effects of 12 weeks of endurance ET
on endothelial function were investigated in eighteen
patients with CAD and found an improvement of FMD,
the augmentation of plasma nitrite and SOD activity, and
the reduction of oxidative stress [82]. Forty patients with
CAD were recruited to participate in a supervised cardiac
rehabilitation program for 10 weeks of moderate-intensity
leg exercise and 18 matched sedentary control. Endothe-
lium-dependent FMD in a conduit artery of the leg but
not the arm was significantly improved, and nitroglycerin-
mediated dilation in the upper arm and lower extremity
was unaffected [83]. Clinical studies in 45 patients with
CAD showed that ET could mitigate endothelial dysfunc-
tion by reducing vascular expression of NOX, angiotensin
IT (Ang II) receptor type I (AT,-R), and decreasing ROS
generation [84]. Compared with 18 matched control, ET
in 17 stable CAD patients significantly improved endothe-
lial function, which may be closely related to shear-stress
induced phosphorylation of eNOS at Ser 1177 residue by
AKT [85].

Forty-one patients (24 exercisers and 17 non-exercis-
ers) with a recent myocardial infarction after success-
ful percutaneous coronary intervention (PCI) surgery
were recruited to study the protective effect of exercise
on endothelial restoration. The mean change of coronary
artery diameter induced by Ach infusion showed that
6 months of regular exercise improved endothelial func-
tion in the coronary arteries [86]. CoQ10 is an essential
component of mitochondria and plays an important role in
cell respiration, ATP generation, and cellular metabolism
and has antioxidant properties. Twenty-three CHF patients
were recruited to clinical research to investigate the effect
of CoQ10 and/or ET on endothelial dysfunction. Oral
CoQ10 or ET improves peak VO,, endothelial function,

and left ventricular contractility, and ET along with
CoQ10 significantly enhanced these effects [8§7]. Serum
levels of GM-CSF, macrophage chemoattractant protein-1
(MCP-1), sICAM-1, and sVCAM-1 were assessed in 12
patients with stable CHF before and after a 12-week ET
[88]. All these markers, critically involved in monocyte/
macrophage-endothelial interaction, peripheral inflamma-
tion, or endothelial injury, were found to be downregulated
by ET. In another clinical trial, patients with recent myo-
cardial infarction were assigned to 4 groups: aerobic ET
(n=152), resistance ET (n=754), resistance plus aerobic
ET (n=53), and control (n=52), to investigate the effects
of different types of ET and followed by detraining on
endothelial function. It was found that ET is associated
with improved endothelial function, which was demon-
strated by increased FMD and decreased VWF levels in
all studied types of ET. However, the beneficial effects
disappeared after 1 month of detraining [65], indicating
that the beneficial adaptive changes induced by exercise
in these patients might be reversible. Many researchers
have conducted extensive research on the preventive and
therapeutic effects of ET in many types of diseases; how-
ever, a few studies have explored in-depth whether these
beneficial effects induced by exercise are permanent or
transient. Moreover, many diseases such as HF combined
with skeletal muscle atrophy are characterized as exercise
intolerance [89]. Endothelial dysfunction also exhibits
decreased exercise capacity. Thus, further efforts are still
needed to explore the key exercise sensors as novel thera-
peutic targets and exercise mimetic drugs for the preven-
tion and treatment of vasculature damage.

Physical Exercise-Induced Improvement
of the Endothelium in Diabetes and Obesity

Diabetes or diabetes mellitus (DM) is characterized by high
blood sugar level-induced long-term metabolic disorders
[90]. There are two types of diabetes, type 1 and type 2.
Type 1 diabetes is caused by insufficiency of insulin, while
type 2 diabetes normally results from insulin resistance or
insulin insensitivity. Until now, the most effective way to
avoid type 2 diabetes remains old-fashioned healthy dietary
and regular physical exercise [91-93]. Twenty-three patients
with type 2 DM were randomly assigned to 6 months of
multifactorial intervention with a focus on ET (1 month in-
hospital and 5 months of home-based exercise) or matched
sedentary control [94]. Vigorous ET significantly improved
endothelial function, demonstrated by improvement of Ach-
and adenosine-induced coronary vasoconstriction, beneficial
changes of markers of insulin sensitivity, hyperglycemia,
and inflammation both in serum and in skeletal muscle
biopsies [94]. Studies in genetically diabetic mouse models
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(db/db) have been invaluable to allow researchers to iden-
tify key regulators involved in exercise-induced protection
of endothelium [38, 95]. A study in diabetic mice showed
that exercise restored endothelial vasodilation in response
to Ach and insulin sensitivity impairment. Exercise upregu-
lated superoxide dismutase (SOD1, SOD2) activity and
phosphorylation of eNOS at ser1177 residue and increased
NO bioavailability and downregulated TNF-o and IL-6 (two
chronic inflammatory factors) levels. These results indicate
that exercise exerts multiple effects on healthy protection
[38]. Another study in db/db or wild-type mice showed that
exercise could improve endothelium-dependent relaxation
in wild-type mice aortae, rescue flow-mediated dilation, and
improve insulin-induced relaxation in mesenteric arteries
in diabetic mice [95]. Therefore, it was evident that exer-
cise training not only could restore the injured endothelial
function in diabetic mice but also could improve endothelial
function in wild-type mice.

Recently, an important metabolic regulator, AMP-
activated protein kinase (AMPK), has become one of the
research hotspots. AMPK is an evolutionarily conserved
serine/threonine-protein kinase, which phosphorylates
multi-substrates and participates in the energy homeostasis
and metabolism regulation [96, 97]. Studies in endothelial
AMPK-specific knockout mice showed that endothelial
AMPK (eAMPK) plays a critical role in regulating blood
flow, mediating endothelium-derived hyperpolarization
response, and regulating blood pressure [98]. AMPK has
been found to be upregulated by exercise and subsequently
increase peroxisome proliferator-activated receptor d
(PPARY) activity. AMPK/PPARS synergistically reduces
endoplasmic reticulum (ER) stress and oxidative stress,
which contributes to exercise-induced protection of vascular
endothelium in aortae in diabetic mice [95]. Another study
of the same group found that metformin could be used as a
mimetic of exercise-induced protection benefits on endothe-
lium through the elevation of AMPK/PPARS signaling cas-
cade [99]. All these aforementioned studies demonstrate that
AMPK/PPARS might serve as a potential effective target for
treating diabetic vasculopathy [100, 101].

Physical Exercise-Induced Protection
of Endothelium in Aging People

Aging is accompanied with organ degeneration and elevated
endothelial damage [102]. Studies using the aging rat models
showed that aerobic exercise training could restore endothe-
lial dysfunction [36, 103]. Physical exercise could improve
endothelial function by increasing eNOS levels and reducing
inflammatory factors such as IL-6 and TNFa [36]. SIRT1
could promote eNOS activity through its deacetylation func-
tion. SIRT1 expression was found to be elevated by physical

@ Springer

exercise and to correct abnormal acetylation modifications
on eNOS under aging- or obesity-induced metabolic stress
conditions [36]. Compared to aging men, aging women are
diagnosed with estrogen deficiency, and the treatment with
estrogen therapy was found to mitigate endothelial injury
[104]. Ovariectomized rat model was utilized to study the
effect of loss of estrogen on endothelial function and the
exercise-induced protection [104]. It was found that com-
pared to the estrogen supplement method, exercise training
could reduce ET-1 and calcium level (an index of arterial
stiffness), rescue NO synthesis impairment, and improve
endothelial function [104]. Similar results were obtained in
the study in aging women. Regular aerobic endurance exer-
cise could significantly increase NO production and plasma
cGMP (a second messenger of NO) concentration, reduce
blood pressure, and decrease plasma ET-1 concentration
[105, 106]. Thus, compared to the estrogen therapy, exercise
may serve as a better effective therapy for protecting aging
women from endothelial dysfunction [107].

The Function of miRNA in Exercise-Induced
Protection of the Endothelium

microRNA is indicated to play important functions in
many types of cardiovascular diseases, and physical exer-
cise could induce the activation/inhibition of a series of
microRNAs and exert protective effects on endothelium
or vasculature (Fig. 4) [108, 109]. miR-155 has been
found to be significantly upregulated in atherosclerotic
plaques, which regulates vascular smooth muscle cell
(VSMC) proliferation and endothelial function by tar-
geting eNOS and preventing NO production [110, 111].
Recent studies found that miR-155 was downregulated by
physical exercise. Another study found that simvastatin (a
hydroxymethylglutaryl-coenzyme A (HMG-CoA) reduc-
tase inhibitor) could restore eNOS expression and reduce
miR-155 level, indicating that miR-155 interfered with the
simvastatin-induced eNOS upregulation [36]. Therefore,
the reduction of miR-155 either by drugs or exercise would
be beneficial to endothelial dysfunction. miR-126 is highly
expressed in endothelial cells and positively regulates the
function of endothelial cells by targeting high-mobility
group box 1 (HMGB1), increasing NO production, and
inhibiting the inflammatory response and ROS production
[112]. Aerobic exercise can increase the miR-126 level and
RHI index and decrease serum risk factors such as ox-LDL
and blood glucose in obese adolescents [21]. miR-214 has
been found to be involved in endothelial protection and
angiogenesis [113] and was reported to protect against
endothelial cell apoptosis possibly by targeting cycloox-
ygenase-2 (COX-2) [114, 115]. Another study in obese
adults found that 2 months of ET and dietary intervention



Journal of Cardiovascular Translational Research

-}.
' 4
EXERCISE

{

miR-492
miR-214

miR-130a
miR-126

miR-155 miR-146a miR-16

{

Improve endothelial dysfunction

Fig.4 miRNAs regulated by exercise in the protection of endothelial
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increased circulating miR-214 and miR-126 levels along
with improved endothelial function. The association
between the relative levels of EPC and miR-214 and the
association between the relative changes of miR-126 with
endothelial NOS were both significant [116]. miRNA-
16 has been reported to inhibit endothelial function and
angiogenesis both in vitro and in vivo by targeting vascular
endothelial growth factor receptor-2 (VEGFR2) and fibro-
blast growth factor receptor-1 (FGFR1) [117]. Recently,
miRNA-16 was found to be significantly downregulated by
aerobic exercise training in obese animals and was associ-
ated with increased VEGF expression and revasculariza-
tion [118]. miR-492 has been found to be upregulated by
swimming in aortic endothelium and to restore endothe-
lial function and delay the progression of atherosclerosis
by diminishing the level of resistin in aortic endothelium
[119]. miR-130a inhibition has been reported to promote
endothelial progenitor cell dysfunction in diabetic patients
by targeting Runx3 [120]. miR-146a has been identified as
senescence-associated pro-inflammatory factor which is
involved in vascular remodeling [121]. Study in 19 type 2
diabetes patients showed that 3 months of exercise could
significantly upregulate the expression of miR-130a and
downregulate miR-146a level in circulating angiogenic

cells (CACs), reduce oxidative stress, and improve
endothelial functionality [122].

Mending Endothelial Injury in Clinical Trials

Endothelial dysfunction is a major risk factor of cardiovas-
cular disease and is mainly caused by insufficient NO level
and excessive oxidative stress. So, reversal of these adverse
changes could be a potential therapeutic approach to restore
endothelial dysfunction. However, there is still a dearth of
specific drugs for restoring endothelial function in clinical
practice. It was also evident that patients recovering from
cardio-cerebral vascular diseases might result from the res-
toration of endothelial dysfunction.

Besides exercise training, many types of drugs and
dietary strategies are studied in clinical trials (Table 1).
Unhealthy dietary is a risk factor of endothelial dysfunction.
Calorie restriction without affecting the normal nutrition is
one kind of method to rescue endothelial injury. Calorie
restriction could preserve NO bioavailability and maintain
endothelium-dependent vascular relaxation. Statin, a HMG-
CoA reductase inhibitor, was found to improve endothelial
function [36, 103]. Statin could alleviate oxidative stress of
the endothelium, stabilize eNOS mRNA molecules, promote
PI3K-AKT-mediated ser1177 phosphorylation of eNOS,
increase eNOS activity, inhibit ET-1 production, downregu-
late iNOS activation, prevent inflammatory factors, and thus
improve endothelial function [103, 123, 124]. The xanthine
oxidase (XO) system generates superoxide anions in the
endothelium, and inhibition of XO with allopurinol (a XO
inhibitor) has been found to improve endothelial dysfunc-
tion by preventing the formation of superoxide free radicals
and reducing oxidative stress in patients with Class II-CHF
in a double-blind crossover clinical study [125]. BH4 is
an essential cofactor of the NOS, and BH4 deficiency is
associated with endothelial dysfunction. Systematic BH4
administration restores coronary microvascular dysfunc-
tion in patients with hypercholesterolemia [126]. Patients
with CAD exhibit endothelial dysfunction which might be
associated with procoagulant and exercise-induced platelet
activation. In addition to aspirin, long-term low molecular
weight heparin (Parnaparin) or placebo was administrated
to 29 patients with CAD to investigate whether endothelial
dysfunction-induced myocardial ischemia can be improved
[127]. Parnaparin treatment in patients with stable CAD
significantly decreased fibrinogen level, improved exercise
intolerance, and attenuated symptoms of angina pectoris.
VEGEF is an essential angiogenesis growth factor and was
found to improve endothelial function in patients with PAD
[128, 129]. Adenovirus-mediated gene therapy to deliver
angiogenic growth factors VEGF to skeletal muscles
resulted in improvement of peripheral endothelial function.
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Overall, there are many types of drugs and new strategies
to treat endothelial dysfunction in clinical trials. However,
the mechanism of endothelial dysfunction is still not fully
understood. Moreover, there is still a lack of effective drugs
that specifically target injured endothelium. Therefore, it is
imperative to develop novel therapies to retard or reverse the
endothelial injury and prevent vascular diseases.
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