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ARTICLE INFO ABSTRACT

Keywords: Diabetes, a worldwide health concern while burdening significant populace of countries with time due to a hefty
Endothelial dysfunction increase in both incidence and prevalence rates. Hyperglycemia has been buttressed both in clinical and ex-
Diabetes perimental studies to modulate widespread molecular actions that effect macro and microvascular dysfunctions.
&%opi(hondria Endothelial dysfunction, activation, inflammation, and endothelial barrier leakage are key factors contributing

to vascular complications in diabetes, plus the development of diabetes-induced cardiovascular diseases. The
recent increase in molecular, transcriptional, and clinical studies has brought a new scope to the understanding
of molecular mechanisms and the therapeutic targets for endothelial dysfunction in diabetes. In this review, an
attempt made to discuss up to date critical and emerging molecular signaling pathways involved in the pa-
thophysiology of endothelial dysfunction and viable pharmacological management targets. Importantly, we
exploit some Traditional Chinese Medicines (TCM)/TCM isolated bioactive compounds modulating effects on
endothelial dysfunction in diabetes. Finally, clinical studies data on biomarkers and biochemical parameters
involved in the assessment of the efficacy of treatment in vascular endothelial dysfunction in diabetes was

Traditional Chinese Medicine

compared between clinically used western hypoglycemic drugs and TCM formulas.

1. Introduction

The International Diabetes Federation estimates about 463 million
adults, representing 9.3 % of the world population, have diabetes
mellitus. Projected to rise to 10.2 % and 10.9 % by 2030 and 2045,
respectively [1]. The rise in the number of diabetics is a severe concern
in developing countries, especially in India and China. The epidemic of
diabetes continues to expand, and it is witnessing a shift in diabetes
prevalence from the affluent to the less privileged, urban to rural areas
and all and sundry. Most diabetic patients suffer from microvascular
and macrovascular complications [2]. Multi clinical trials have clarified
that cardiovascular disease risks are three-to-four-fold higher in dia-
betic patients with vascular complications [3]. Moreover, the impact of
vascular disease on diabetic patients is a significant reason for pre-
cipitating death.

In the early stages of type I diabetes mellitus (T1DM) and type II

diabetes mellitus (T2DM), vascular endothelial cells (ECs) function are
abnormal with the impairment of vasodilation and reduced nitric oxide
(NO) bioavailability. This phenomenon is termed endothelial dysfunc-
tion [4]. European Diabetes Prospective Complications Study exhibited
that endothelial dysfunction, assay by von Willebrand factor (vWF), is
significantly associated with the accretive cases of diabetic neuropathy
in T1DM patients [5]. In addition, endothelium-dependent vasodilation
assay and flow-mediated brachial artery reactivity test have a strong
correlation between the risk for vascular diseases occurring in a dia-
betic patient and the number of endothelial progenitor cells [4,6] A
pathological study recommended that macrovascular endothelial dys-
function is a progressive step of atherosclerosis and erectile dysfunction
[7]. Besides, microvascular anomalies in diabetes are consociated with
elevated vascular permeability and impairment of autoregulation of
vascular tone. Thus, a study on the molecular mechanism responsible
for endothelial dysfunction underlies the pathogenesis of diabetes
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complication and which may provide new therapeutic targets for dia-
betes-induced cardiovascular diseases.

The homeostatic stability of the endothelium is characterized by NO
production via endothelial nitric oxide synthase (eNOS) with its co-
factors and physiologic release of prostacyclin (PGI,) and low levels of
reactive oxygen species (ROS). On the other hand, the distortion of the
balance by AMP-activated protein kinase (AMPK) dephosphorylation,
inflammasome inactivation, endoplasmic reticulum (ER) stress, autop-
hagy deficiency, and mitochondrial dysfunction, are critical cellular
events mediated by diabetes [8,9]. In response, endothelial cells in-
crease expression levels of biochemical markers and cell adhesion
molecules such as intracellular adhesion molecule 1 (SICAM-1), en-
dothelin-1 (ET-1), C-reactive protein (CRP), etc. that alters vascular
endothelium-dependent relaxation and function [10-12]. However,
hypoglycemic drugs show beneficial effects in regulating the levels of
the endothelial dysfunction biochemical markers [13-15]. Therefore,
clinically, endothelial dysfunction biomarkers are often used in asses-
sing the efficacy of treatment among different classes of drugs or
therapeutic approaches in clinical trials involving subjects with dia-
betes and vascular endothelial disorder [16,17].

Traditional Chinese Medicines (TCMs) have been in existence for
several decades and customarily as a primary health system in China
and other parts of the world [18]. In line with fact that recent studies on
herbs or bioactive ingredients have increased dramatically, researchers
are advancing in high throughput and cutting edge research approaches
to add up to the advances in knowledge. It is, therefore, not out of line
for research to show that TCM or bioactive ingredients modulate mo-
lecular cascades events to ameliorate diseases, including diabetes-in-
duced endothelial dysfunction [19,20].

Therefore, this review highlighted the cellular and molecular me-
chanisms of diabetes endothelial dysfunction, pharmacological man-
agement spots, and molecular actions of some TCM and bioactive in-
gredients' effect on diabetes vascular endothelial dysfunction. Also,
clinical trial studies data on biomarkers and biochemical parameters
were compared between clinically used western antidiabetic drugs and
TCMs formula for basal comparative assessment of efficacy and safety
of treatment in vascular endothelial dysfunction in diabetes.

2. Diabetes mellitus

2.1. Type I and type II diabetes mellitus: pathology, diagnosis, and
complications

Diabetes mellitus (DM) is a metabolic disease defined by continual
high blood glucose levels with irregularities in carbohydrate, fat, and
protein metabolism. Microvascular, macrovascular, and infectious
complications of diabetes are associated with social network char-
acteristics [21]. Casual plasma glucose concentration = 200 mg/dL,
fasting plasma glucose = 126 mg/dL, or an oral glucose tolerance test
(OGTT) = 200 mg/dL and HbAlc = 6.5 % is diagnostic of DM.
American Diabetes Association (ADA) divide DM into four major cate-
gories: TIDM, T2DM, secondary diabetes, and gestational diabetes
mellitus (Table 1) [22]

Beta-cell destruction by pathogenic viruses or other environmental
factors triggers islet autoimmunity, resulting in absolute insulin defi-
ciency, which is the primary reason for type 1 diabetes mellitus
(T1DM). Absent circulating insulin fails to regulate blood glucose up-
take in the liver, muscles, and adipocytes, resulting in hyperglycemia
and occasional bouts of ketoacidosis. Diabetic ketoacidosis, accumula-
tion of ketone bodies, caused by compensatory fatty acid metabolism
due to inadequate or absence of circulating insulin triggers a shortage of
body water and electrolyte. However, progressive diabetes complica-
tion, such as cardiovascular diseases (CVD), microvascular diseases,
and diabetes-related infection, causes organ failure and mortality in the
late stage of TIDM patients [23].

Insulin resistance and relative insulin deficiency define type 2

Table 1

Types of diabetes, risk group, etiology and incidence rate.

Incidence rate

Etiology

Age/Risk group

Other names

Type

5-10 %
90 %

Autoimmune-driven destruction of beta-cell, absolute insulin deficiency

Adolescents

Insulin-dependent diabetes

Type 1 diabetes
Type 2 diabetes

Advancing insulin secretory defect on the backdrop of insulin resistance

> 40years

Non-insulin-dependent diabetes
Pregnancy-induced diabetes

Secondary diabetes

2.5 %

Possibly, placenta hormones suppressing insulin actions on the backdrop of insulin resistance

Pregnant women

Gestational diabetes

Monogenic diabetes syndrome, exocrine pancreatic diseases pharmacological drug/ or chemical-induced diabetes

Specific types of diabetes due to other etiologies
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diabetes mellitus (T2DM). Obesity, increasing age, sedentary lifestyles,
and stress trigger insulin resistance in skeletal muscle, adipose tissue,
and liver, leading to relative insulin insufficiency of peripheral de-
mands. As the disease progresses, pancreatic islet function falters, and
insulin secretion insufficiency induces hyperglycemia [22], which alters
physiological processes and destabilizes internal homeostasis.

2.2. Diabetes mellitus and cardiovascular disease

Diabetes mellitus is a well-substantiated and independent risk factor
for CVDs. The overall crude mortality rate is higher among diabetic
obese than non-diabetic obese patients (29 per 1000 person-years
versus 7 per 1000 person-years among women, respectively). Although
death due to cancer, infectious diseases are relatively higher, an ad-
justment in baseline age, sex, smoking status, and body mass index
(BMI) shows that death from CVDs is more elevated than cancer and
other diseases [24,25]. VADT (Veterans Affairs Diabetes Trial) clinical
trial examined the association between the incidences of CVDs risk in
T2DM. The result indicated that the variability of fasting glucose among
T2DM patients is involved in the development of CVD complications. In
addition, CVD risks were highest in patients receiving intensive glucose
management [26]. Moreover, ACCELERATE trial concluded that base-
line fasting plasma insulin levels prognosticate a risk for cardiovascular
outcomes and atherosclerotic vascular disease in T2DM [27]. In T1DM,
Diabetes Control and Complications Trial/Epidemiology of Diabetes
Interventions and Complications (DCCT/EDIC) study exhibited that
intensive diabetes therapy (mean HbAlc 7.3 %) decreases CVDs (non-
fatal myocardial infarction, stroke, death from CVDs, confirmed angina,
or the need for coronary-artery revascularization) and progression of
intima-media thickness compared with conventional therapy (mean
HbAlc 9.1 %) [28-30].

3. Endothelial dysfunction in diabetes
3.1. Localization and function of endothelium in the blood vessel

Endothelium, a thin layer of ECs located in the remote surface of
blood vessels, controls the passage of macromolecules and fluid be-
tween the blood and interstitial space. The vascular endothelium par-
ticipates in various physiological processes that contribute to vascular
homeostasis. An essential function of the endothelium is the production
of short-lived vasodilators, including NO, bradykinin, prostacyclin, and
endothelial-dependent hyperpolarizing factor (EDHF) in response to
physiologic stimuli [31]. NO plays a pleiotropic reaction to prevent
vascular disease. The pivotal role of NO is regulation relaxation of
vascular tone. Besides, NO prevents monocyte adhesion and platelet
aggregation to the endothelium. NO also inhibits the over-proliferation
of vascular smooth muscle cells (VSMCs) [32]. Moreover, endothelial
ectoenzymes play a required step in the production of vasoactive hor-
mones, such as angiotensin II. Endothelial dysfunction described as a
disequilibrium in the synthesis and/or the discharge of various en-
dothelial signaling molecules may account for the inception of cardio-
vascular disorders, their development, and complications [33].

3.2. Pathophysiological features of endothelial dysfunction in diabetes

ECs secrete relaxation factors by multi pharmacological activators
and shear stress. Furchgott and Zawadzki first described endothelium-
derived relaxing factor (EDRF) A-induced relaxation using isolated
stripes of the aorta in the presence of acetylcholine (Ach). Ach released
during parasympathetic activation, induce artery relaxation [34]. Ach
binds with muscarinic receptors to activate the IP3 pathway. Thus, high
intracellular calcium ion (Ca2?™") promotes the conversion of L-arginine
to NO via calmodulin/tetrahydrobiopterin dependent pathway. Ach is
the most routinely used agonist for the detection of endothelial func-
tion. In both macro vessels and microvessels of diabetic mice model,
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Ach-stimulated endothelial-dependent vasorelaxation was impaired
while the vascular relaxation response to NO donor was preserved.
Moreover, eNOS cofactors deficiency and oxidative stress might also
contribute to the deterioration of endothelial function [35].

3.3. Clinic diagnostic of endothelial dysfunction

In human subjects, endothelial dysfunction correlated with high-
risk factors for CVDs and events [36]. As a result, a clinical assay of in-
vivo endothelial function is necessary to evaluate the pathogenesis of
CVD. Several methodologies are established, e.g., Brachial Artery Flow-
mediated Dilation (FMD), Venous Occlusion Plethysmography, and
Iontophoresis in combination with Laser Doppler Imaging, Pulse-wave
Analysis, and Retinal Arterial Abnormalities. Among these methods,
Brachial FMD by ultrasound imaging is the most widely used clinically
because of its non-invasiveness and feasibility. Shear stress by reactive
hyperemia in brachial artery induced endothelium to release NO. FMD
calculates the percentage of increase in diameter from baseline to the
maximum value from ultrasound B-mode images or ultrasound RF-data
after shear stress or pharmaceutical administration [37].

Multiple population-based studies have examined the association
between FMD and adjudicated incidence of CVD events in human
subjects. Results suggest that brachial FMD is a prognosticator of CVDs
in adults [37-39]. FMD-J Study demonstrated that cardiovascular
events (glucose, systolic and diastolic blood pressure, age, high-density
lipoprotein cholesterol (HDL-C), BMI, and triglycerides) correlate with
an increase in FMD and baseline brachial artery (BBA) diameter.
However, BBA diameter is insensitive to FMD for evaluation of cardi-
ovascular risk in male subjects used for the study [39]. Moreover, a
study proposed cutoff-values of normal endothelial function and VSMCs
function evaluated by nitroglycerin-induced vasodilation (NID) and
FMD of the brachial artery as 15.6 % and 7.1 % respectively for Ja-
panese subjects with or without cardiovascular risk factors [37].
However, genetic variance, ethnicity, age, gender, and among others
are some limitations to endothelial dysfunction assessed by FMD of the
brachial artery in clinical studies. Hence, it is imperative to develop
new methods and broaden the scope of clinical studies that evaluate
microvessel endothelial dysfunction.

3.4. Endothelial dysfunction in macrovascular endothelial complications of
diabetes

Hyperglycemia impacts negatively on large vessels, leading to
macrovascular complications, which are the primary cause of high
mortality rates recorded in diabetes patients. Coronary artery disease,
peripheral artery diseases, shock, and heart failure are some of the
macrovascular complications associated with diabetes. High levels of
oxidized-low density lipoprotein (ox-LDL) via HG-induced ROS pro-
duction mediate atherosclerosis pathogenesis. Also, endothelial acti-
vation, a factor in the progression of atherosclerosis, promotes forma-
tion of foamy macrophages, release of adhesive molecules, and
cytokines that promote thickening of the intima and support en-
dothelial dysfunction.

However, animal studies confirm accelerated endothelial dysfunc-
tion in streptozotocin (STZ)-induced ApoE knockout (ApoE’/ ) and
LDL receptor knockout (LDLr~/7) mice [40,41]. Also, many en-
dothelial dysfunction mice model, such as eNOS™/~, Ang II treatment,
could accelerate atherosclerosis development in diabetes [42,43]. In
addition, both glucosamine administration (5 % w/v in drink water)
and hyperglycemia accelerates endothelial dysfunction and athero-
sclerosis in ApoE’/ " mice fed with chow diet [44]. AMPKa2 deficiency
triggered endothelial dysfunction in cells via activation of NAD(P)H
oxidases. Interestingly, in a high-fat diet (HFD)-fed AMPKa2/ApoE
double knockout mice, the aortic lesions developed dramatically than
ApoE’/’ mice [45].

In hyperglycemic conditions, FoxO1 translocates into nucleus [46],
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following binding with inducible nitric oxide synthase (iNOS) pro-
moters. This subsequently generates excess ROS production, which
contributes to eNOS uncoupling and LDL oxidation by reaction with
superoxide anion (Oy ") to peroxynitrite (ONOO ™). Accili’s lab gen-
erates vascular ECs-specific FoxO1 knockout mice (Tie2-cre/FoxO1-
flox/flox) and silences all FoxO isoforms in LDL receptor knockout
mice. The effect of endothelial dysfunction and atherosclerosis lesion
attenuated after an HFD feed. In addition, iNOS, adhesion molecules,
and lipid peroxides were significantly lower in STZ-injected Tie2-cre/
FoxO1flox/flox mice than WT mice [47,48].

3.5. Endothelial dysfunction in microvascular endothelial complications of
diabetes

Endothelium-dependent vasodilation to physical and/or pharma-
cological stimulants (e.g., Ach) is impaired in the vasculature of dia-
betic patients, leading to microvascular endothelial complications [49].
Consistent with endothelial dysfunction features such as increased en-
dothelial permeability and leakage, inflammation, and endothelial
barrier breakdown is observed in diabetic patients and animal models
of diabetes microvascular complications-neuropathy, nephropathy, and
retinopathy [50]. eNOS KO mice, as endothelial dysfunction animal
models, are injected with STZ to establish a diabetic microvascular
complication model. Diabetic eNOS KO mice (STZ-eNOS~”7) demon-
strated alterations in genes regulation of oxidative stress, apoptosis, and
glomerular endothelial cell (GEC) proliferation compared to control.
However, STZ-eNOS~/~ GEC gene modifications were higher than STZ-
WT. Moreover, diabetes-driven angiogenesis genes, Lrgl, and Gpr56
were altered in STZ-eNOS™/~ GEC [51]. Also, changes in blood urea
nitrogen, creatinine, albuminuria, oxidative state, eNOS expression,
and glomerular basement membrane thickness are observed in STZ-
induced diabetic nephropathy [52].

Moreover, in lipopolysaccharide (LPS) treated retinal microvascular
ECs, MCP1, endoplasmic reticulum (ER) stress, and activating tran-
scription factor 4 (ATF4) expression were highly increased. The study
also demonstrated that overexpression of ATF4 correlates with an in-
crease MCP1 secretion. More so, the effect of LPS-induced MCP1 pro-
duction was blunt in retinas of ATF4~/~ mice and deficient ECs [53].
Consistently, suppressing vascular endothelial growth factor (VEGF)
and TPL2/ATF4/SDFla axis proves to alleviate diabetes retinal mi-
crovascular abnormality [50]. TNFa-induced endothelial activation
further worsens by HG activates ER stress and persistent inflammation
in diabetic tie2-TNF mice, which resultantly cause changes in en-
dothelial junction proteins hence visual deficit [54].

4. Molecular mechanisms of endothelial dysfunction in diabetes
4.1. eNOS-NO axis

4.1.1. Nitric oxide production and bioavailability

NO bioavailability relies on the equilibrium between its synthesis
and consumption. The primary source of vascular NO is from eNOS in
ECs. Many endogenous bioactive stimulants, e.g., Ach, serotonin, bra-
dykinin, thrombin, and high intracellular Ca®>* ([Ca®*],) level, activate
calmodulin-dependent eNOS activation. eNOS activation with heat
shock protein 90 (Hsp90) converts L-arginine to L-citrulline and NO in
the existence of the redox-sensitive cofactor tetrahydrobiopterin (BH,4)
(Fig. 1). In diabetes, the reduction of NO production and high NO
consumption by ROS decrease NO bioavailability. Also, the transfor-
mation of L-arginine to NO by eNOS is lower than healthy persons [55].
Although eNOS expression has a compensatory increase in diabetic rats
[56], eNOS is functionally inactive without binding with Hsp90. In
addition, the reduction of eNOS phosphorylation (phos-eNOS) and BH,4
decreases NO production, resulting in endothelial dysfunction. Two
independent pathways are involved in eNOS inactivation, I-kappa-B
kinase beta (IKKbeta), and protein kinase A (PKA). Hyperglycemia
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increases IKKbeta mRNA, protein expression, and activity in bovine
aortic ECs (BAECs). The competitive binding of IKKbeta to eNOS dis-
rupts the eNOS-Hsp90 complex, resulting in eNOS inactivation. On the
other arm, PKA-dependently induces phosphorylation of Hsp90 at
Thr89 and translocation from cytoplasm to the membrane, leading to
disruption of Hsp90-eNOS complex [57].

Insulin induces NO production and vessel relaxation by activation of
the IRS-1/PI3K/Akt/eNOS pathway [58]. Modification of the insulin
receptor by tyrosine nitration, the principal reason for insulin re-
sistance, blocks the insulin/IRS-1/PI3K/Akt/eNOS pathway and causes
endothelial dysfunction. Catalytic inactivation of one SHIP2 allele se-
lectively in ECs of (ECSHIP2*/*) mice impaired insulin and Ach-driven
vasodilation as well as aortic NO bioavailability, although basal ele-
vation of expression and activation of Phosphoinositide 3-kinases
(P13K), Protein kinase B (Akt) and eNOS were observed. Inhibitors of
P13K and NAD(P)H oxidase 2 attenuates O, ~ levels in ECSHIP2*/*
ECs [59]. Insulin-induced Akt and eNOS-phos. were blocked by Protein
kinase C beta (PKCbeta) activation in obese mice as well. Cyclic gua-
nosine monophosphate (cGMP) as a measure of NO bioavailability de-
creases [60].

Consumption of NO is another principal reason for endothelial
dysfunction in hyperglycemia. In physiological condition, NO has a
slow degradation via auto-oxidation (Kinetics is 1 X 107 M~ 7.
However, hyperglycemia-increased excess O,-, which rapidly reacts
with NO to form peroxynitrite (ONOO-)(kinetics is 7 x 10° M~ s~ 1),
resulting in the consumption of NO and hence low NO bioavailability.
Superoxide dismutase (SOD) transforms O,- with a rate constant of 2 x
10° M~ !s™! to form H,0,. The reaction between NO and O,- is faster
than both NO auto-oxidation and O,- self-consumption [61].

4.1.2. eNOS uncoupling

eNOS is constitutively expressed as a significant origin of NO in ECs.
eNOS, a catalytically active enzyme, is a dimeric structure comprised of
two identical subunits. Carboxy-terminal reductase domain of eNOS
contains binding sites for NAD(P)H, flavin mononucleotide (FMN),
flavin adenine dinucleotide (FAD), and calmodulin. N-terminal oxyge-
nase domain of eNOS provides multiple binding sites: heme, L-arginine,
and BH,4 [62]. The dimeric form of eNOS transfers electrons from NAD
(P)H binding on C-terminal with FAD and FMN to L-arginine on N-
terminal; subsequently, terminal guanidine-nitrogen of L-arginine and
oxygen react to generate NO. In the endothelium of diabetic mice, eNOS
undergoes uncoupling, and reduction of activity [63]. eNOS uncoupling
disrupts the flow of electrons and generates O,~ but not NO, leading to
endothelial dysfunction.

Raman exhibited that zinc thiolate cluster conserved cysteine re-
sidues at the dimerization interface of eNOS by x-ray crystallography.
Zinc thiolate cluster is composed of a tetracoordinate zinc ion held by
four thiols from two monomers eNOS [64]. Zou et al. clarified that
ONOO~ treatment-induced eNOS uncoupling via division of zinc
thiolate cluster. Oxidation of the zinc-thiolate bond by O, contributes
to ONOO ™ -dependent eNOS uncoupling [65]. The ONOO™ triggered
eNOS uncoupling might contribute to hyperglycemia-induced en-
dothelial dysfunction. In addition, HOCI, the primary oxidant of leu-
kocyte-derived myeloperoxidase, dissociates the eNOS dimers into
monomers via ONOO ™~ pathway and directly induce eNOS uncoupling
as well [62]. S-glutathionylation, a redox-sensitive post-translational
modification of protein cysteine residues through the conjoining of
tripeptide glutathione, also induce eNOS uncoupling. The thiyl radical
formation leads to S-glutathionylation of Cys689 and Cys908 of eNOS,
and this subsequently disrupts eNOS dimer.

Glutathione disulfide and exogenous superoxide both induce S-
glutathionylation and uncoupling of eNOS, leading to decreased ac-
tivity and NO production [66]. However, it is not clear whether S-
glutathionylation of eNOS contributes to eNOS uncoupling under hy-
perglycemic conditions.

Interestingly, increase [Ca®"];

load required for the inception
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Fig. 1. Mechanism of nitric oxide genera-
tion and eNOS uncoupling.

(Left shear) Biologic factors such as acet-
ylcholine, shear stress increase intracellular
calcium ion level and mediate Ca2+ /calmo-
dulin—dependent activation of eNOS. eNOS
association with Hsp90 sustains eNOS acti-
vating conformation and release of eNOS from

SMOOTH MUSCLE CELL SMOOTH MUSCLE CELL

Ca2+ concentration steers the relaxation of the vessel.

caveolin-1. Molecular oxygen, L-arginine, and
NADPH initiate the activation of eNOS with co-
factors to produce NO, L-citrulline, and super-
oxide ion. SOD neutralized superoxide ions
generated. NO leaks across the endothelium to
activate soluble guanylyl cyclase induce cGMP-
dependent activation pathways of PKG in
VSMCs. Following a reduction in intracellular

Endothelial Dysfunction

(Right shear) Hyperglycemia and insulin resistance increases eNOS uncoupling by impairment of eNOS activation and association with Hsp 90 and decreased levels of
co-factors such as BH4, FMN. IKKbeta and PKA activation in hyperglycemia increase IKKbeta protein expression and phosphorylation of Hsp90-alpha, respectively.
IKKbeta protein competitively binds with eNOS, disrupts the eNOS-Hsp90 complex. Phosphorylation of Hsp90-alpha at Thr89 by PKA leads to translocation of Hsp90
from cytoplasm to plasma membrane. Activation of PKCbeta blocks the induction of eNOS. Decreased in the catalytic activity of antioxidant enzymes, e.g., SOD
increases the generation of peroxynitrite ion, which promotes eNOS uncoupling via oxidation of zinc-thiolate. eNOS uncoupling leads to endothelial dysfunction and
low bioavailability of NO; hence cyclic GMP-dependent activation impaired. Subsequent VSMCs relaxation inhibited.

activation of eNOS cycle equally triggers eNOS uncoupling through the
activation of calpain (a protease responsible for the proteolytic de-
gradation of eNOS) via its translocation to the membranes. However,
eNOS-Hsp90 complex protects against calpain-mediated degradation
[67], but hyperglycemia and oxidized and glycated-LDL (HOG-LDL)
promote Hsp90 dissociation, increase [Ca®*]; and calpain activity and
eNOS translocation to cytosol, thence inducing eNOS uncoupling and
heighten degradation [68,69].

4.1.3. Caveolin and eNOS

Caveolae, flask-shaped invagination structure with diameters in the
range of 50-100 nm, occupying about 30 % of cell surfaces of capil-
laries. The vast myriad of caveolae in ECs includes multi receptors, e.g.,
Ach receptor and insulin receptor, to regulate signaling transduction.
eNOS is co-localized with caveolin-1(cav-1), a caveolae structural
protein, in the caveolae of the plasma membrane and Golgi apparatus,
where it is topically inhibited by binding to cav-1 [70]. Disruption of
caveolae structure by filipin or methyl-B-cyclodextrin impairs en-
dothelial-dependent relaxation via reduction of NO production [71]. In
STZ-injected rat and non-obese diabetic mice, cav-1 expression is sig-
nificantly enhanced in aorta and corpus cavernosum tissue, which was
associated with endothelial dysfunction. Results from in vitro studies
confirm that both HG and free cholesterol treatment increase Cav-1
expression and enhance Cav-1-eNOS binding affinity [72,73], hence
suppressing eNOS activity. Moreover, insulin and ACE inhibitors pre-
vent the upregulation of Cav-1, contributing to eNOS activation. Like-
wise, in Cav-1 KO mice, high response to Ach promotes NO, cGMP, and
enhancement of endothelial relaxation [74,75]. However, caloric re-
striction in Cav-1 KO mice showed an elevation in CVD risk factors
compared with WT mice, which was associated with inappropriate
adaptive responses in the renin-angiotensin-aldosterone system (RAAS)
[76].

4.1.4. GTPCH1 and its metabolism BH,

BH, (6R-L-erythro-5,6,7,8-tetrahydrobiopterin) is synthesized from
guanosine triphosphate (GTP) in an Mg?*-, Zn?*- and NADPH-depen-
dent reaction mediated by three enzymes, GTP cyclohydrolase I
(GTPCH 1), 6-pyruvoyltetrahydropterin synthase and sepiapterin re-
ductase (SR). BH, functions as a necessary cofactor for eNOS generation
of NO [77]. Takeda found that high risk of endothelial dysfunction is
associated with low plasma BH,4 levels and a reduction in BH4/BH, ratio
in disordered cardiovascular patients [78]. Meanwhile, in both T1DM
and T2DM mice, the total biopterins and BH, level decrease in

correlation with the downregulation of phos-eNOS [79,80]. Inhibition
of BH, biosynthesis deepens eNOS uncoupling [81]. Thus, a lower
concentration of BH, may act as a predictor of endothelial dysfunction
and a risk factor for CVD in diabetics [82].

Therapeutic modalities that target BH, serve as a preventive mea-
sure to restore endothelial dysfunction. BH, administration increases
mRNA and protein expression levels of cGMP, Protein kinase G (PKG),
eNOS dimer, as well as NO production [83]. Oral intake of sepiapterin,
a stable precursor of BH,, also prevents endothelial dysfunction in se-
dentary rats by improving insulin tolerance, Ach-induced vasodilation,
and mitochondrial activity [84]. GTPCH I, a rate-limiting enzyme for
the de novo BH, synthesis. GTPCH I expression is lower than normo-
glycemia mice, contributing to the reduction of BH, level and en-
dothelial dysfunction. Mesenteric arteries from endothelial cell-specific
KO of Gchl (encoding GTPCH) - Gch1% Tie2cre mice demonstrated a
decrease in GTPCH protein and BH, levels together with loss of Ach
endothelium-driven vasodilation [85]. Overexpression of GTPCH I by
adenovirus-mediated transfection attenuates endothelial dysfunction
via an increase in NO and BH, production and upregulation on eNOS
dimer: monomer ratio in type I and type II diabetic aorta [86,87].

The mechanism involved in the reduction of GTPCH I expression is
via enhancement of proteasomes activity in hyperglycemic conditions.
Hyperglycemia decreases GTPCH I protein expression associated with
the ubiquity of GTPCH I but not alter mRNA levels. Meanwhile, 26S
proteasomes activity also increases. [88]. The result possibly suggests
that accelerated degradation of GTPCH I might cause GTPCH I ex-
pression reduction after high glucose (HG) treatment.

4.2. Oxidative stress

4.2.1. ROS and RNS production

Oxidative stress, excess ROS and RNS, causes endothelial dysfunc-
tion and atherosclerosis in diabetes. In a diabetes model, hyperglycemia
induces ROS production, eventually leading to oxidative stress in ECs.
Superoxide radical is the first oxygen-free radicals formed by the mi-
tochondria, NAD(P)H oxidases, and from eNOS uncoupling [59]. The
reaction rate between Oy~ with NO is faster than scavenge of Oy~ by
SOD and autoxidation of NO. Therefore, excess ROS production con-
tributes to a reduction of NO bioavailability and the increase generation
of ONOO ™. Moreover, nitrated tyrosine, as ONOO ™~ footprint, is found
in the endothelium of blood vessels, kidney, retina, heart, and periph-
eral nerves of diabetics [89].

A typical reaction of ONOO™ is the nitration of protein-bound
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tyrosine residues. ONOO ~ mediates tyrosine nitration of PA700/S10B,
a major catalytic protease of 26S proteasome. PA700 nitration increases
26S proteasomes activities to accelerate the degradation of GTPCH I
[90]. Less GTPCH I synthesizes insufficient BH, for eNOS activation.
Meanwhile, an increase in 26S proteasomes activity induces NFkB ac-
tivation via enhancement of IkBa degeneration. NFkB activation in-
duces expression of NAD(P)H oxidases [91].

ONOO ™ also causes eNOS dimer destabilization via oxidation of the
eNOS zinc-thiolate cluster and irreversible destruction of heme.
Peroxynitrite treatment induces Zn>* release from eNOS and decreases
eNOS dimer/monomer ratio in EC culture. Moreover, ONOO ™~ oxidizes
both free and eNOS-bound BH, to dihydrobiopterin, which competes
with BH,4 for binding to eNOS, resulting in eNOS uncoupling [92].
Besides NO production, other endothelial-dependent vasodilators are
irreversibly blocked by ONOO™ [93]. Prostaglandin synthase (PGIS)
catalyzes the conversion of prostaglandin H, (PGH,) into prostacyclin
(PGI,), an effective vasodilator.

In diabetic mice, 3-nitrotyrosine due to eNOS uncoupling induces
tyrosine nitration of PGIS to decrease PGI, production, as evidenced by
high expression of 6-Keto-PGFla. Meanwhile, the inactivation of PGIS
leads to the accumulation of PGH,. PGH, is a substrate for the throm-
boxane-prostanoid receptor, which causes the tetanic contraction of the
aorta. Thus, hyperglycemia blunts PGI,-dependent relaxation and in-
duces PGH,-mediated vasospasm via RNS production [94]. Also,
thromboxane A2 (TxA2) mimetic increases O,  and peroxynitrite via
PKCbeta-NAD(P)H oxidases pathway. Moreover, TxA2 mimetics in-
crease PGIS nitration and reduce the formation of PGI,, resulting in
endothelial dysfunction [95]. Overall, oxidative stress induces en-
dothelial dysfunction via regulation of endothelium-dependent vaso-
dilator substances secretion.

4.2.2. Down-regulation of anti-oxidative enzymes

The oxidant and antioxidant systems control intracellular reduction-
oxidation (redox) balance. Enhancement of the oxidant system and
reduction of the antioxidant system causes an imbalance between redox
and oxidative stress. SOD is a crucial defense antioxidant enzyme
against Oy~ in cells. SOD includes three isoforms, mitochondrial
manganese-containing SOD (MnSOD), cytosolic copper/zinc-containing
SOD (CuZnSOD), and extracellular SOD (SOD3). Hyperglycemia pro-
motes the expression of CuZnSOD, MnSOD, and SOD3 in ECs [96,97].
In db/db mice, MnSOD expression also increases compared with db/m
mice. However, the activity of MnSOD decreases by nitrotyrosination
[98]. Moreover, SOD3 deficiency decreases Ach-induced vasodilation,
adiponectin expression, as well as Akt-eNOS pathway [99]. Also, stu-
dies have reported that activity for CAT was down-regulated in hy-
perglycemia-induced endothelial cells, suggesting decreased clearance
of reactive species in ECs [100].

Furthermore, animal studies have shown that the deficiency of GPx-
1 accelerates diabetes-associated atherosclerosis in ApoE™~ mice via
the upregulation of the proinflammatory and fibrotic pathway [101].
Thioredoxin reductase (TrxR) is an antioxidant enzyme that aids in
thiol-dependent cellular reductive processes. HG disrupts the thiol-re-
ducing system by decreasing TrxR activity. Reduced thioredoxin and
glutathione, as reducing equivalents for lipid hydroperoxides, decrease
as well. However, thioredoxin mimetic peptide (TMP) supplementation
aborted HG and methylglyoxal driven ROS production and enhanced
survival of HUVECs [102]. Thioredoxin Interacting Protein (Txnip), an
endogenous inhibitor of TrxR, interacts with the catalytic center of
reduced Trx. HG also increases Txnip mRNA and protein expression via
p38 and FoxOl in HAEC and downregulation of miR-17 expression
[103].

Consistently, Txnip deficiency by siRNA inhibits HG-induced ROS
production [104]. Heme oxygenase-1 (HO-1) degrades heme from de-
stabilized heme protein and converts biliverdin to bilirubin, leading to
an antioxidant effect. HO-1 also produces carbon monoxide that has
regulatory actions of vasodilation [105]. In STZ injected Sprague-
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Dawley rats, the expression and activity of HO-1 decreased. Apolipo-
protein A1 mimetic peptide treatment increases HO-1 expression,
leading to the prevention of ROS production and reduces vascular and
white matter damage in db/db T2DM stroke mice [106]. Moreover, HG
and H,0, upregulated the expression of nuclear factor erythroid 2-re-
lated factor-2 (Nrf2), a transcriptional factor that coordinates the ex-
pression of numerous ROS detoxifying and antioxidant genes, in ECs.
Resveratrol prevents endothelial dysfunction by an HFD via activation
of Nrf2 [107], indicating that an adaptive activation of Nrf2 provides
endothelial protection under diabetic conditions [108]. In all, en-
dothelial oxidative enzymes maintain endothelial function by sup-
pressing oxidative stress at the protein and genes levels.

4.3. AMPK inactivation

AMPK, a serine/threonine kinase, activated by increasing AMP: ATP
ratio and two upstreams, LKB1 and calmodulin-dependent protein ki-
nase (CaMKK). AMPK's principal function is maintaining intracellular
energy homeostasis in multi organs, e.g., liver and muscle. Many lit-
eratures suggested the protective outcome of AMPK on endothelial
function through eNOS activation and oxidative stress inhibition. Phos-
AMPK induces association of hsp90 with its downstream target-eNOS to
form hsp90-AMPK-eNOS complex, eventually increasing phos-eNOS at
Ser1177 [52]. Nevertheless, AMPKalphal inhibitory phos-eNOS on
Thr495 attenuate endothelial NO relaxing effect; however, AMP-
Kalphal deletion reduces phos-Thr495, but not Ser1177 [109]. Ex-
haustive treadmill exercise on mice activates phos-AMPK-172 and its
downstream eNOS-S1177 in the endothelium of aorta. Also, other
phosphorylation sites: Ser617, Ser635, and Thr649, regulated by Akt
and PKA, remain unchanged after acute exercise [110].

Moreover, AMPK activation attenuates endothelial dysfunction via
regulation of redox balance. Firstly, AMPK activation attenuates both
NAD(P)H oxidases-and mitochondria-derived O, production [111]. In
AMPKalpha2 KO mice, high 26S proteasome activity and NFxB-de-
pendently increases expression of NAD(P)H oxidases subunits, in-
cluding gp91phox, p47phox, p67phox, NOX2, and NOX4, were ob-
served, which contribute to both increase in oxidative stress and low
BH, levels thence promoting endothelial dysfunction in AMPKalpha2
KO mice [88,112]. Furthermore, the upregulation of NOX2 expression
and NAD(P)H oxidases activation enhances O, and ONOO ~ formation
in AMPKalphal KO aorta [113]. AMPK activation upregulates UCP2-
increases mitochondria generation and expression of MnSOD, peroxi-
some proliferator-activated response-gamma coactivator-1a (PGC-1a),
nuclear respiratory factor-1 (Nrfl), and mitochondrial DNA transcrip-
tion factor A, of which all exert some beneficial effects on maintaining
redox balance ECs [114].

Secondly, AMPK activation increases the expression of antioxidant
enzymes. AICAR upregulates the expression of thioredoxin, an anti-
oxidant enzyme responsible for cysteine thiol-disulfide exchange with
oxidative protein, via FoxO3 [115]. Besides, AMPKalphal siRNA de-
creases the appearance of antioxidative enzymes, including MnSOD,
catalase, and thioredoxin, and increases mitoROS in ECs [116]. Finally,
AMPK activation relaxes aorta via the reduction of HG-derived en-
dothelium-derived contracting factors (EDCF), including TxB2, PGE2,
and cyclooxygenase [117].

In diabetes, HG treatment induces inactivation of AMPK by de-
phosphorylating AMPK and reducing its activity in ECs. Three possible
pathways are exhibited: polyphosphate multikinase (IPMK), protein
phosphatase 2A (PP2A), and high ATP. HG increases phos-IPMK at
tyrosine 174, a member of the IP6 kinase family enzymes, which fa-
cilitates binding of phos-IPMK with AMPK, leading to the blockage of
phos-AMPK [118]. Besides, HG increases the expression of PP2A to
dephosphorylate AMPK at Thr172 [119]. Lastly, hyperglycemia med-
iates changes in AMP/ATP ratio. HG increases cellular ATP levels in
ECs, which compete with AMP for the AMP binding site on subunits of
AMPK, resulting in inhibition of AMPK activity [120] (Fig. 2).
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Fig. 2. Mechanism of inactivation of AMPK
in diabetes-induced endothelial dysfunc-
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Lastly, treatment with AMPK activators such as AICAR, metformin,
etc. ameliorates impaired endothelial function. For example, metformin
induces phos-eNOS with increase ¢cGMP and NO levels from STZ-in-
jected mice [121]. Also, an herb derived compound, berberine, AMPK-
dependent activation increases phos-eNOS and NO production in ECs.
Moreover, berberine relaxes aorta in an endothelial-dependent manner
and prevents HG-impaired endothelial function [122]. Fenofibrate and
resveratrol, isolated from red wine, both increase AMPK activation with
restoring endothelial dysfunction in diabetic mice [123-125]. More-
over, endothelium-selective activation of AMPK aborts DM-triggered
vascular reactivity and stimulate reendothelization and EPC activity via
increase expression of HO-1 and release of stromal cell-derived factor
(SDF-1a) [126]. Collectively, hyperglycemia mitigates AMPK beneficial
effects on endothelial function.

4.4. Mitochondrial dynamics

Mitochondria, a highly dynamic double-membrane organelle, gen-
erates ATP and Oy ™. The structural dynamics of mitochondrial are
regulated by the fusion or fission process [127]. Mitochondria fusion
includes outer membrane connection by mitofusin (MFN) 1 and 2 and
inner membrane fusion by optic atrophy 1 (Opal). Mitochondria fission
is majorly regulated by dynamin-related protein 1 (Drpl) and fission 1
(Fis1). Drpl, a cytoplasmic protein, is modified by both phosphoryla-
tion and SUMOlation, subsequently, anchor on Fisl. Multi accumulated
Drpl in mitochondria produces contractile force to divide tubular mi-
tochondria into fragments. Mitochondrial fragmentation facilitates
mitochondrial ROS (MitoROS) production, cytochrome C (Cyt C) re-
lease, and mitochondria movement along with cell skeleton. Mi-
tochondria undergo augmented fragmentation in hyperglycemic ECs
[128,129]. In hyperglycemic states, oxidative stress regulates mi-
tochondrial fragment through five (5) pathways; 1. The upregulation of
p53 transcription activates the expression of Drpl [130]. 2. Co-locali-
zation of Protein kinase C delta (PKC§) with Drpl induces phos-Drp1 at
Ser579 (mice) and Ser616 (humans) and translocation to mitochondria
[131]. 3. An increase in binding activity of Rho-associated coiled coil-
containing protein kinase 1 (ROCK1) with Drpl mediates phos-Drpl at

PP2A
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of PP2A, and intracellular ATP levels.
Phosphorylated-IPMK blocks AMPK phosphor-
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sphorylate AMPK at Thrl72. Increased in-
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Decreased AMPK phosphorylation inhibits
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and acute exercise promote AMPK phosphor-
ylation.
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Mitochondria

Ser600 and Ser637, in mice and humans, respectively, and transloca-
tion to mitochondria [132]. 4. The blockage of autophagy-dependent
Drpl degradation [133]. 5. Depleted levels of Protein disulfide-iso-
merase 1(PDIA1) mediates sulfenylation of Drp at site C644 to activate
Drpl [134].

Furthermore, Fisl protein expression levels are increased in hy-
perglycemia state [135], and MFN1 siRNA decreases the phos-eNOS
and cGMP production [136]. Consistently, silencing Fisl or Drpl ex-
pression with siRNA prevented hyperglycemia-induced mitochondrial
fragmentation and restored the reduction of phos-eNOS and cGMP
production [135]. Also, mutants of Drpl reduce mitochondrial O, ",
mitochondrial permeability transition, and apoptosis in BAECs. More
so, impairment in mitochondrial fusion by HG is mediated by translo-
case of mitochondrial outer membrane (TOM) 22. Report indicated that
TOM 22 regulates mitochondrial biogenesis and oxidative phosphor-
ylation (OXPHOS) via interacting with MFN1 in ECs [137] (Fig. 3).
Altogether, HG mediates changes in mitochondrial fission and fusion-
related proteins, which contribute to oxidative stress in ECs.

4.5. ER stress

ER is a vital cell organelle whose function is mainly protein trans-
lation and folding. Incorrect protein coupling or [Ca?*]; accumulation
trigger ER stress. ER stress induces unfolded protein response (UPR)
and finally causes cell death. In ECs, hyperglycemia, hexosamine,
homocysteine, and oxidized phospholipids all induce ER stress, evi-
denced by three ER-resident proteins activation, namely, activating
transcription factor-6 (ATF6), inositol requiring protein-1 (IRE1), and
protein kinase RNA-like ER kinase (PERK) [138-140].

Prolonged ER stress and compensatory UPR trigger endothelial
dysfunction and atherosclerosis. ER stress in ECs decreases phos-eNOS
and NO production via minimizing neutral sphingomyelinase 2 activity
[141]. Also, another reason for endothelial dysfunction is due to oxi-
dative stress during ER stress. Tunicamycin, an inhibitor of N-glycosy-
lation, induces ER stress via UPR, which was mediated by the accu-
mulation of p62 proteins. The association of UPR and p62 promotes
ROS mediated mitochondrial apoptosis [142].
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Fig. 3. Cellular mechanism of mitochon-
drial dynamics in diabetes-induced en-
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dothelial dysfunction.

Hyperglycemia-induced increased in ROS up-
regulates FOXO1 increased transcription of
ROCK1. ROCK1 phosphorylate Drpl at sites
S600 (mice) and S637 (human). ROS-upregu-
lated expressed p53 binds with Drpl to acti-
vate Drpl and mitochondria translocation.
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LS Also, increased ROS enhances the colocaliza-
l tion of PKCS with Drpl, which facilitates the
5"37’ phosphorylation of Drpl at sites S579 and
Drpl S616 in mice and humans, respectively.
Likewise, depleted levels of PDIA1 mediates

sulfenylation of Drpl at the C644 site to acti-

e vate Drpl. However, hyperglycemia deacti-
EoR T vates AMPK and its phosphorylation of Drp1 at
S637. Activation and translocation of Drpl to

~;N'“;;,R(,';¢ mitochondria by these proteins except AMPK

enhances activated Drp1 association with Fis1.
Decreased MFN1/2 and increased Fisl-Drpl
levels in the mitochondria induces decreased
mitochondria fusion and increased mitochon-
drial fission, respectively. Mitochondrial fis-
sion potentiates with increased levels of mi-
tochondrial fragments, which subsequently
facilitates the production of MitoROS and EC

MitoFission T

senescence. High levels of ROS and MitoROS induces oxidative stress in the endothelium, which exacerbates eNOS uncoupling with decreased NO bioavailability,

leading to endothelial dysfunction.

Moreover, ER stress promotes apoptosis, endothelial permeability,
and inflammation, which contribute to impairment in endothelial
function. In ApoE /™~ mice, Spliced X-box binding protein 1 (sXBP1) is
significantly expressed, which correlated with the development of
atherosclerotic lesion and ECs apoptosis via downregulation of vascular
endothelial cadherin (VE-Cadherin) [143]. Also, ER stress-induced
translocation of Glucose regulated protein 78 (GRP78) to plasma
membrane foster O-GlcNAcylation of endothelial barrier proteins,
mainly VE-Cadherin leading to destruction of the barrier integrity and
increased endothelial permeability to migration of monocytes [144].
More so, P38MAPK and NFkB-dependent downregulation of claudin-5
in ER stress triggers human retinal microvascular ECs permeability
[145]. Similarly, 58-kilodalton inhibitor of protein kinase (P58IPK),
targeting ER-stress proteins: PERK and eukaryotic translation initiation
factor 2 alpha (elF2a), modulates effect on vascular permeability in the
retina of diabetic rats [146].

Increased levels of glycated low-density lipoproteins (glyLDL) and
ox-LDL are observed in diabetic patients. Its possible implications have
been associated with the induction of ER stress-mediated inflammation
[147]. For example, ox-LDL triggers the expression of inflammatory
genes such as TNFa, IL-6, 8, MCP1, and CXCL3 via ATF4 and sXBP1 in
ECs [148]. However, preconditioning with ER stress activation of XBP1
in diabetes suppresses ICAM1 and VCAM1 expression and TNFa-driven
activation of NFkB. XBP1 negatively regulates phos-IREla. Therefore,
XBP1 activation may be a possible target to improve ER stress-protec-
tive pathway to attenuate endothelial inflammation in diabetes [149].

Furthermore, contemporary studies demonstrate some novel ways
to ameliorate HG-induced ER stress; therefore, below, we highlight
these novel strategies. Changes in tissue and circulatory levels of
microRNAs (miR) have been observed in T2DM patients, and their ex-
pression levels have been implicated as predictive markers for en-
dothelial dysfunction. Notably, among them are miR-126, miR-149-5p,
miR-146a, and miR-21. Restoration of miR-149-5p levels demonstrated
protective action against increase expression levels of ER markers such
as PERK, GRP78, and CHOP in HG-HUVECs [150]. Also, Protein tyr-
osine phosphatase 1B (PTP1B) inhibition and PTP1B ™/~ mice amelio-
rate ER stress and endothelial function via promoting PERK protective
pathway and increased NO production [151].

However, thapsigargin treatment, a Sarco/endoplasmic reticulum
Ca%*-ATPase (SERCA) inhibitor, and HOG-LDL reduce SERCA via oxi-
dation to increase [Ca®*]; to trigger ER stress and activate calcium/
calmodulin-dependent protein kinase IIy (CaMKILy) [152]. CaMKIIy
induces Cyt. C release and Fas receptor expression, promoting apoptosis
of ECs [153]. Likewise, increase [Ca2+]i in ER stress mediates 12/15-
lipoxygenase (12/15-LO) and its metabolite,15-HETE(15-hydro-
eicosatetraenoic acid) activation of NAD(P)H oxidases, which increases
ROS production. Suppressing 12/15-LO in human retinal ECs decreases
HG-mediated leukostasis and ICAM1 expression [9].

Also, Gipie, a girdin family protein, stabilizes the interaction of
GRP78 with IRE-1 by binding with GRP78, resulting in blockage acti-
vation of IRE-1 during UPR. Gipie expression prevented the IRE1-JNK
pathway and inhibited ECs apoptosis during UPR [154]. Conversely,
miR-204, and glycated paraoxonase (PON) 1 promotes ER stress via
suppressing endothelial SIRT1 and PON1glycation by HG, respectively
[155,156]. In addition, 4-hydroxy-trans-2-nonenal (HNE) treatment in
HUVECs leads to alterations of ER-resident proteins and endothelial
activation mediated partly by UPR to ER stress [157].

In contrast, HO-1 induction prevented HG-induced increase of
mRNA and protein expression of crucial ER stress-resident proteins.
HO-1 promoted NO release and angiogenic capacity of HUVECs [8].
MGO-induced aortic endothelial dysfunction was diminished in CHOP
deficiency mice and CHOP siRNA KO, indicating CHOP as a potential
target for MGO-mediated endothelial dysfunction [158]. AMPKa2 ™/~
mice and reduced AMPKa2 expression remarkably increase expression
of ER stress-resident protein markers, [Ca?*];, and elevate oxidized
SERCA levels with repressed SERCA activity. The use of adenoviral
overexpression constitutively active AMPK mutants abrogate ER stress,
restore SERCA activity, and control [Caz+]i homeostasis [159]. Met-
formin also inhibits modified LDL-induced endothelial dysfunction via
blockage of ER stress [152]. Metformin activation of AMPK-mediated
PPARS activation suppresses tunicamycin-induced ER stress and im-
pairment of endothelium-dependent vasorelaxation in mouse aorta and
aortic ECs. Cotreatment with PPARS antagonist blunted metformin
action, whereas PPARS agonist effect was unaffected by AMPK inhibitor
[160] (Fig. 4).
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Fig. 4. Molecular mechanism of ER stress as
a legate of endothelial dysfunction in dia-
betes.

HG-induced ER stress increases the induction
of UPR. UPR signals through PERK, IRE1, and
ATF6. PERK activation phosphorylates elF2a,
initiating a selective translation of ATF4,
which induces the production of CHOP, IL-6,
and IL-8. Also, activated IRE1 association with
GRP78 phosphorylate JNK to induce apoptosis.
Likewise, IRE1 dimerization catalyzes splicing
XBP1 to mediate increase expression of cha-
perones. Moreover, ATF6 translocation to
Golgi results in its cleavage of the luminal
domain by protease and further transported
into the nucleus to induce expression of ad-
hesive molecules such as ICAM1, VCAM1, etc.
Also, GRP78 translocation to the plasma
membrane mediates O-GlcNAcylation of VE-
Cadherin. Downregulation of Claudin-5 and O-
GlcNAcylation of VE-Cadherin increase EC
barrier leakage and permeability. HOG-LDL
oxidation of SERCA increases the release of
Ca2+ from ER, possibly involved in elevating

@ IERXEEXEXXEX WKXXX

{ EC Permeability

the activity of NAD(P)H oxidases, result in an increased ROS production and downregulation of eNOS hence EC dysfunction. MGO-mediates EC dysfunction via
CHOP. PPARS activation and miR-149-5p increased expression levels attenuates HG-induced ER stress, whereas glycated PON1 and miR-204 enhance HG-induced ER
stress. Also, 12/15-LO, 4-HNE, and glyLDL induce ER stress. Collectively, increased apoptosis, inflammatory mediators, EC permeability, and decreased eNOS

phosphorylation via ER stress promote endothelial dysfunction.

4.6. Inflammasome

Inflammasome is a cytosolic multiprotein oligomer consisting of
ASC, NLRP3, and caspasel. Inflammasome contributes to the progres-
sion of insulin resistance by mediating processes leading to the release
of IL-13 and IL-18 in macrophage and adipocyte. Hyperglycemia and
hyperlipidemia induce inflammasome formation to active caspasel;
resultantly, increasing IL-1 production in macrophage. HG triggered
IL-1f3 production, upregulates Txnip, and caspasel activity in adipocyte
[161]. Moreover, AMPK inactivation triggers inflammasome formation
via ROS production by autophagy deficiency [162]. Likewise, ER stress
triggers the activation of NLRP3 inflammasome [163].

In diabetes, especially in T1DM, IL-1f induces beta-cell destruction
and impairs glucose-stimulated release of insulin in the presence of
TNF-a/IFNy [164]. Free fatty acid (FFA) activated NLRP3 inflamma-
somes and IL-1[3 release both in vivo/vitro, with subsequent impairment
in Akt-ser473, eNOS-ser1177, IRS-1(tyr) phosphorylation and Ach-
driven endothelium-dependent vasodilation. However, Lentivirus,
siRNA, and AICAR inhibited FFA-induced IL-1f release and restored
endothelial function [165]. IL-1f breaks endothelium junction through
ROS/Src/EGFR-p38MAPK/PTEN pathway and PKC-6 activation in
human microvascular endothelium [166,167]. Moreover, IL-1B from
LPS-treated THP-1 monocytic cells increases the expression of adhesion
molecules (ICAM-1, VCAM-1, and E-selectin) via phos-ERK and NFxB
activation in ECs [168].

IL-18 is another cytokine-mediated by inflammasome. IL-18 and its
receptor are highly expressed in human atheroma-associated EC, SMC,
and macrophage. Mechanistic study showed that IL-18 signaling evoked
effectors of atherogenesis, e.g., IL-6, IL-8, ICAM-1, and matrix me-
talloproteinase-1/-9/-13 (MMP-1/-9/-13) [169]. IL-18 also induces EPC
dysfunction by blockage differentiation from EPC and circulating an-
giogenic cells into mature ECs [170]. Endothelial NLRP3 inflamma-
somes trigger HMGB1 production, which enhances endothelial hy-
perpermeability by the destruction of inter-endothelial tight junction
[171]. Also, FFA induces NLRP3 inflammasome protein complex (ASC,
p20, HMGB-1, NLRP3) expression, which exacerbate endothelial dys-
function [172].

4.7. Autophagy

Autophagy, lysosomal catalytic biological process, including the
formation of membranous intracellular vesicles and ensuing engulfment
and release of diverse cellular components such as damaged organelles,
unfolded proteins, etc. to lysosomes for break down and recycling. Most
cells experience basal levels of autophagy consistently to maintain the
internal metabolic homeostasis of the cell environment and adaptation
to stress. Nutrient deprivation, hypoxia, ROS, DNA damage, misfolded
proteins, ox-LDL, and some naturally occurring compounds trigger the
inception of autophagy in cells [173-175]. Deficiency of mitophagy
receptor FUNDC1 enervates mitochondrial biogenesis and worsen
dietary-induced obesity and metabolic syndrome [176]. AMPK induc-
tion of autophagy enhances cell survival rates under stressors [177].

HG treatment inhibits activation of autophagy via AMPK-dependent
pathway in ECs. Interestingly, reactivation of AMPK with AICAR in-
hibited phos-ULK1 and autophagy, possibly AMPK uncouples from
autophagy under hyperglycemic condition [178]. Also, hyperglycemia
upregulates Txnip and controls dysregulation of tubular autophagy and
mitophagy via BNIP3 transcription [179]. BNIP3 phosphorylate LC3 at
ser-17 and ser-24 and cross-link with the PINK1-Parkin pathway to
promote mitophagy under oxidative stress in ECs [180-182]. In addi-
tion, the deacetylation of FoxOs by SIRT1 inhibits the Akt negative
modulation effect, leading to FoxO activation. FoxOs induce autophagy
via increasing the transcription of autophagy-related genes [183-185].
Downregulation of SIRT1 in endothelial cells by HG inhibits the pro-
cess.

Increased cell viability against oxidative insults, upregulation of
eNOS expression, increased NO bioavailability, reduced inflammatory
mediators, and oxidative stress shows the beneficial effect of autophagy
[186-188]. Likewise, autophagy deficiency in HG and HFD beta cells
had shown to cause excessive cell death, insulin resistance, UPR, and
obesity progression in mice [189]. eNOS dysfunction in hyperglycemic
condition has been related to reducing autophagic flux and not autop-
hagy induction, suggesting that maintaining an intact autophagic flux
but not autophagy induction, is likely to restore hyperglycemia-induced
eNOS dysfunction [190]. Inhibition of autophagy with 3-methyladenine
accentuated AGEs-induced cell death, buttressing the cytoprotective
role of autophagy [191].
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4.8. Some risk factors of diabetes and Endothelial Dysfunction

Obesity is a critical risk factor in the establishment of insulin re-
sistance and an independent risk factor for CVD [192]. In metabolic
syndrome mice model, mesenteric resistance arteries exhibit impair-
ment of endothelium-dependent relaxation. ROS production, eNOS
uncoupling, and nitrotyrosine expression levels increased in the en-
dothelium of the aorta [193]. Moreover, perivascular adipose tissue
significantly exacerbates endothelial dysfunction in arteries [194]. In
fa/fa rat aorta and HFD-feed mouse aorta, PGIS and eNOS activity
decreases. Agents with Antilipolytic actions, which reduce fatty acid
release from adipose cells, and inhibit the rate-limiting enzyme for
long-chain fatty acid oxidation, restore PGIS, and eNOS activity [195].
Leptin, an adipose-derived hormone that regulates energy intake and
expenditure. In metabolic syndrome swine, perivascular adipose tissue
releases leptin to activate PKCbeta in coronary arteries. Both leptin
antagonists and PKCbeta inhibitor could block endothelial dysfunction
in arteries with perivascular adipose tissue [196]. Jarrod also observed
high leptin levels within the plasma of obese rats and dogs. Leptin
(0.1-3.0 ug/min ic) concentration significantly attenuates dilation to
graded intracoronary doses of Ach [197].

Cytokines contribute to endothelial dysfunction in diabetes. Excess
adipose triggers macrophage recruitment to release TNF-a, IL-1f, and
MCP1 [198]. After intra-arterial TNF-a infusion in T2DM, endothelial-
dependent relaxation monitored by forearm plethysmography is sig-
nificantly impaired, but not nitroprusside-induced vasodilation [199].
TNF-a and IL-1B plus HG treatment significantly aggravate glucose
utilization, mitochondrial O, generation, ERK, and JNK phosphor-
ylation, NFkB activation, and caspase 1 activation than hyperglycemia-
induced ECs [200].

However, adiponectin level was low in obesity-prone Osborne-
Mendel (OM) rats with an increased risk of CVD and endothelial dys-
function biomarkers [201]. In db/db mice, anti-TNFa peptide restores
endothelium-dependent vasodilation to Ach in coronary arterioles and
aortas. Moreover, anti-TNFa treatment upregulates the expression of
adiponectin that induces AMPK-dependent promotion of endothelial
function [202]. However, a study showed the adverse results that
chronic TNF-a neutralization did not improve endothelial function in
metabolic syndrome men [203].

Besides TNF-a and IL-1, MCP1 is involved in endothelial dys-
function in diabetic mice. Anti-MCP1 antibody restores vasodilation to
endothelium-derived vasodilator in coronary arteriole in db/db mice.
Moreover, an antibody against MCP1 attenuates O, production, and
expression of nitrotyrosine [204]. MCP1 also increases brain en-
dothelial permeability via induction reorganization of the actin cytos-
keleton and redistribution of tight junction proteins, including ZO-1, 2,
occludin, and claudin5 [205].

5. Therapeutic targets of vascular endothelial dysfunction in
Diabetes

Hyperglycemia modulates diverse molecular mechanisms to induce
vascular dysfunction. In this section, we focus on discussing highlights
from clinical and animal studies' primary therapeutic targets that have
been projected to alleviate the detrimental effect of diabetes on en-
dothelial function. We hope this will add up to available knowledge and
streamline future research intervention on endothelial dysfunction that
might prevent and remedy diabetes complications as well.

5.1. AMPK

As discussed earlier above, AMPK plays a significant activity in
regulating NO bioavailability via eNOS activation and anti-oxidant ef-
fect. Therefore, AMPK is an attractive therapeutic target for endothelial
dysfunction in diabetes. Up to date, multi-type oral anti-diabetic drugs
induce AMPK activation with restored endothelial function in diabetics.
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Metformin stimulates AMPK in diabetic patients and animal models
[206,207]. Insulin-sensitizing agents, such as thiazolidinediones
(TZDs), directly induce AMPK activation and adiponectin production
[17]. Other therapies for diabetes, e.g., acute exercise and low-calorie
diet, also restore AMPK activity. Importantly, AMPK activators prevent
endothelial dysfunction in diabetic animal models. AICAR protects
against endothelial dysfunction induced by hyperglycemia, hypercho-
lesterolemia, aged, or 20-Hydroxyeicosatetraenoic acid [208,209].
AICAR directly relaxes muscle resistance arteries via AMPK activation
and phos-eNOS. AICAR also increases muscle microvascular blood vo-
lume and recruitment of microvascular perfusion [210]. AICAR inhibits
EDCF-mediated contraction via down-regulation of COXII [211]. A
study on the mechanism of endothelial protective effects suggested that
AICAR prevents oxidative stress together with impairment of the eNOS-
Hsp90 association. Metformin ameliorates endothelial functions via
suppressing vasoconstrictor prostanoids and reducing oxidative stress
in mesenteric arteries from aged Otsuka Long-Evans Tokushima fatty
rats [117].

FIELD study concluded that fenofibrate reduced the development
and advancement of diabetic retinopathy. The activation of AMPK by
fenofibrate might be involved. AICAR or constitutively active AMPK
prevents palmitate-induced NFkB activation in retinal pericytes and ECs
[212,213]. Meanwhile, metformin and AICAR inhibit TNF-a-induced
proinflammatory cytokines and cell adhesion molecules, e.g., VCAM1,
E-selectin, ICAM-1, and MCP1 by a rapid NO-dependent mechanism in
ECs [214-216]. AICAR and A769662 increase HO-1, which mediates
the anti-apoptotic effect of AMPK in ECs [217]. Moreover, AMPK ac-
tivation has recorded success in alleviating ER stress in HG-treated ECs
and STZ-induced diabetes animal models. Activation of AMPK sup-
pressed SERCA oxidation in HOG-LDL-induced BAECs and promoted
endothelium-dependent vasorelaxation in isolated mouse aortae [152].
Treadmill exercise activates AMPK to increase NO bioavailability, en-
dothelium-dependent vasorelaxation, and activation of PPARS-medi-
ated suppression of ER stress in db/db mice [218]. Similarly, omentin-1
induced phos-AMPK and PPARS expression to protect against HG-in-
duce ER stress, oxidative stress and reduced NO bioavailability in iso-
lated mouse aortas and mouse aortic ECs (MAECs) [49]. In the future,
we speculate that AMPK activator may contribute to the beneficial
impact on reducing endothelial dysfunction in diabetic patients since
AMPK exclusively affects almost every signal pathway impaired by HG
in ECs.

5.2. Adiponectin

Adiponectin is an ample adipocyte-derived plasma protein.
Adiponectin safe-guides the vascular system partly through activation
of endothelial NO production and endothelium-dependent vasodilation.
Moreover, low adiponectin expression accounts for endothelial dys-
function in diabetes. In T2DM and metabolic syndrome patients, the
plasma adiponectin is lower than in a healthy person [219,220]. In ob/
ob mice, the serum adiponectin is decreased [221]. Moreover, adipo-
nectin KO mice disclose impairment on endothelial-dependent relaxa-
tion in response to Ach. Adiponectin deficiency decreases phos-eNOS
and NO production and increases ROS and RNS in vessels [222,223].
TZDs upregulates the expression of adiponectin. Besides TZDs, adipo-
nectin administration improves endothelial dysfunction in diabetic
mice. Adiponectin and its paralog, CTRP9, directly induce endothelium-
dependent vasorelaxation. CTRP9 also promotes endothelial function in
aortic rings from HFD-fed mice via AMPK-eNOS activation [224].

Adiponectin restores endothelium-dependent vasodilation to Ach in
both coronary arterioles and aortas in T2DM mice [202]. Adiponectin
binds with its receptor AdipoR1 and AdipoR2 with interaction with
APPL1 to activate AMPK. Adiponectin increases the formation of eNOS-
Hsp90 complex and phos-eNOS, resulting in NO production via AMPK
activation [225]. Adiponectin also decreases C-reactive protein (CRP)
via regulation of NFkB inactivation in HG-induced HAECs [226].
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Moreover, adiponectin prevents hyperglycemia-induced oxidative
stress and cell death via the AMPK pathway [227,228]. HG and high
lipids affect AdipoR1/Cav-1 interaction, with subsequent reduction of
Cav-1 expression, which potentiates adiponectin resistance contributing
to diabetic endothelial dysfunction [229].

Adiponectin suppresses activation of IKKf and degradation of IkBa
in HG-treated HUVECs. Both cAMP/PKA and AMPK pathways are im-
plicated in the inhibition effect of adiponectin [230]. In addition, adi-
ponectin submerges leukocyte-endothelium interactions, preceding to
an increase in NO bioavailability [231].

5.3. SIRT1

Sirtuin 1, well known as NAD-dependent deacetylase sirtuin-1
(SIRT1), is a member of sirtuins, the group of mammalian class III
histone deacetylases. SIRT1 mainly located in the nucleus of most cells;
however, its mitochondrial and cytoplasmic appearance result in dis-
tinct functional and physiological processes. SIRT1 and its downstream
target, PGC-1a both deacetylase, within the mitochondria to promote
mitochondrial biogenesis, limiting mitochondrial DNA damage and
prevention of the activation of mitochondrial damaging MMP-9. SIRT1
also regulates transcription factors such as FoxOs, PPARy, p53, p65
subunit of NFxB, etc. Moreover, its genetic knockout and inhibition
have been linked to endothelial dysfunction [232].

SIRT1 also regulates endothelial NO and endothelium-dependent
vasodilation by deacetylating eNOS. SIRT1 binds to eNOS and regulates
its post-transcriptional activation [233,234]. Hyperglycemia down-
regulated SIRT1 by upregulating miR-195. Qin et al. exhibited that the
activation of SIRT1 with SRT1720 inhibited endothelial cell apoptosis
and endothelial dysfunction in diabetes via inhibiting the mitochon-
drial-dependent apoptotic pathway primarily by limiting Cyt. C
leakage. In addition, SIRT1 vitiates mitochondrial fission via the JNK
pathway by regulating mitochondrial fission factor (Mff) in hypergly-
cemia-induced endothelial dysfunction. Likewise, the absence of SIRT1
contributed to the upregulation of Drpl. Plethoric mitochondrial fission
increased mitochondrial cellular energy disorder and mitochondrial
permeability transition pore (mPTP) opening and Cyt. C leakage, hence
activation of the mitochondria-dependent apoptotic pathway [235].
Increase cellular NAD* enhances SIRT1 activity via AMPK. Ang Il-in-
duced endothelium ROS production and heighten telomerase activity
were blunted by the apelin/APJ axis via AMPK/SIRT pathway [236].
Collectively, SIRT1 plays an important role in the deacetylation of
targets that exert favorable effects against endothelial dysfunction;
therefore, target compounds may contribute to overall improvement.

5.4. Aldose reductase

Aldose reductase (AR), also termed as an Aldo-keto reductase, cat-
alyzes the reduced NADPH-dependent decrease of carbonyl compounds,
including glucose. Reducing glucose to sorbitol, the latter oxidized to
fructose. AR, involved in the initiation steps of the polyol cycle. Its
modulatory activity in hyperglycemic-induced endothelial dysfunction
has been established, and its activation promotes peroxynitrite and
tyrosine nitration formation and eNOS uncoupling [237]. Inhibition of
AR averts hyperglycemia-induced increase in inflammatory mediators
in macrophages, VSMCs, and ECs in diabetic mice by inactivation of
NFxB, APl-induced proinflammatory signals [238,239]. In addition,
preincubation with AR inhibitor prevents hyperglycemia and cytokine-
induced multiplication of vascular cells and apoptosis of macrophages
[239-241]. AR inhibitor, fidarestat, prevents hyperglycemia-induced
Thp1 cell death by induction of Nrf2 expression, DNA binding activity,
and expression of HO-1, NQO1, SOD, and CAT via activation of AMPK-
al, accounting for the anti-inflammatory effects [237].

In addition, human AR amplifies impaired atherosclerosis regression
in diabetic mice, likely altering with plaque macrophage inflammation
[242]. Vedantham et al. proved that human AR expression in apoE ™"~
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mice and ECs accelerates diabetic atherosclerosis, with AR inhibitor
terminating the effect.

It propounded that overage flux of glucose via AR impaired nicoti-
namide phosphoribosyltransferase (NAMPT)-mediated NAD™" synth-
esis. Reduced NAD* levels inactivate SIRT1, which triggers acetylation
and prolonged-expression of early growth response protein 1(EGR1),
leading to elevation of VCAM-1, ICAM-1, and tissue factors (TF).
Zopolrestat, AR inhibitor, negated these actions [243], and also vitiated
the impaired Ach-stimulated NO production and repressed endothelial
pyknosis, nitrotyrosine formation, and ROS generation [244].

Sorbinil and Alagebrium, both AR inhibitors, equally reversed im-
paired Ach-mediated vasodilation, with Sorbinil improving NO bioa-
vailability via increasing eNOS cofactor-NADPH and reducing perox-
ynitrite formation as well as restoring of C-fiber functions and
glutathione levels, whiles Alagebrium act mainly as AGEs breaker and
AGEs formation suppressor to meliorate diabetic neuropathy and vas-
cular dysfunction [245,246]. However, a study reported that Sorbinil
deteriorates diabetes-induced modifications in aortic function and
contractile responses, and its actions might be independent of AR in-
hibition [247]. Contemporary, AR inhibition or KO decreased ROS
generation and expression of BCL-2, BAX, and inactivated Caspase-3,
prevented the adhesion of Thpl monocytes, ICAM1, VCAM1, and ex-
pression of iNOS in HG-induced HUVECs. Besides, the lab demonstrated
that AR inhibition restores SIRT1 activity and phos-AMPKal together
with inhibition of mTOR [248]. Also, AR inhibition downregulated the
expression of NLRP3 inflammasome factors in STZ-induced diabetic
mice aorta and heart [249].

Moreover, Aminoguanidine treatment mitigated diabetes-induced
endothelial dysfunction via AR inhibitory activity, repressing AGEs
formation, profound secretion of vasodilatory mediators, increase the
elasticity of vessels, and antioxidant activity. Furthermore,
Aminoguanidine improves vascular reactivity, and Epalrestat amelio-
rates erectile dysfunction via increased SMCs and endothelial content-
upregulation of never growth factor and the restoration of nNOS ex-
pression in dorsal nerve [250,251]. In contrast, Ponalrestat did not
improve vascular reactivity to noradrenaline or defective dilation to
Ach in isolated perfused mesentery from STZ-induced diabetic rats
[252].

6. Diabetes mellitus treatment rescues endothelial dysfunction
6.1. Insulin therapy

Insulin synthesized in [ cells of the pancreatic islet in response to
changes in blood glucose concentration. The function of insulin is fa-
cilitating blood glucose uptake, regulating carbohydrate and fat meta-
bolism. Insulin therapy for compensating insulin insufficient remains
the predominant method for effectively treating TIDM and end-stage
T2DM. Besides hyperglycemia, the effect of insulin insufficiency/re-
sistance on endothelial dysfunction has been studied with insulin re-
ceptor (Insr)/insulin receptor substrate-1 (Irs1) double heterozygous
ApoE KO mice (Insr*/ ~Irs1 "/~ ApoE”") which mated to mimic insulin
resistance. Insulin-induced phos-eNOS and endothelial-dependent re-
laxation were impaired in Insr*/ " Irs1*/~ ApoE”" mice. In this model,
western diet increases atherosclerotic lesions associated with high
fasting insulin than in ApoE’/ ~ mice [253]. Rask-Madsen et al. also
generated endothelial cell-specific Insr”~ mice in the ApoE”" back-
ground. HFD induces endothelial dysfunction than ApoE”" mice
without affecting insulin levels.

Insulin receptor deficiency attenuates eNOS expression and insulin-
driven phos-eNOS in ECs, leading to impair endothelial function and
enhance leukocyte adhesion [254]. Therefore, insulin therapy may be
one of the surest ways of alleviating endothelial dysfunction in dia-
betes-induced endothelial dysfunction. Insulin directly stimulates NO
production via the activation PI3K-Akt-eNOS pathway after binding
with the insulin receptor [46]. In T1DM, the insulin receptor works
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well, and insulin-PI3K-eNOS pathway not impaired. Also, the relaxation
effect of insulin is higher in endothelium-intact aorta than denude
aorta, suggesting that the primary target of insulin are ECs. [255].

In addition, insulin blocks malondialdehyde (MDA) and TNF-a in-
crease and restores GSH deficiency in diabetes aorta [256]. Galacto-
samine plus D-chiro-inositol (DCI) or Myo-inositol (Myo-INS) treatment
has insulin-like activity. In diabetic rats, both DCI and myo-INS prevent
hyperglycemia-induced endothelial dysfunction as well as ROS pro-
duction in aortic rings and arteriolar mesenteric bed [257]. A study
exhibits that insulin has multiple opposing effects on vessel relaxation.
Insulin induces activation of Ras-Rafl to phosphorylate MAPK, re-
sulting in endothelin-1(ET-1) production, as a vessel contractor [258].
In insulin resistance mice model, selective impairment of PI3K/Akt
pathway-dependent eNOS activation and the augmented ERK1/2 sig-
naling in vascular endothelium led to decreased eNOS level and in-
creased ET-1 production, tilting the equilibrium between the vasodi-
lator and vasoconstrictor effects of insulin. Instead, insulin continues to
induce endothelial dysfunction. Thus, the relaxation effect of insulin is
impaired in T2DM [11,259].

6.2. Pharmacological management of vascular endothelial dysfunction in
diabetes

Aside from low-calorie diet, exercise, and insulin therapy, phar-
macological agents are invariably needed to control blood glucose le-
vels and reduce the incidence of diabetic short or long-term vascular
complications. Over the years, various clinical trials and animal studies
have shown that western hypoglycemic drugs, such as metformin,
TZDs, sulfonylureas prove to be effective in improving diabetes-induced
vascular endothelial dysfunction; however, issues on side effects and
poor medication adherence have contributed to their limited use in
patients [260]. TZDs, known as glitazones, are insulin sensitizers. Pio-
glitazone and rosiglitazone, the two most popular TZDs. Multiple clin-
ical trials have associated TZDs to increase risk of heart failure, frac-
tures, edema, etc.; hence their clinical use is withdrawn [261].
Although TZDs show some promising protective effects against HG-in-
duced endothelial dysfunction. Moreover, current western hypogly-
cemic drugs are far from satisfactory in the modulation of their activity
[262-264] and have been recommended for combinational therapy for
better improvement in biochemical parameters for diabetes complica-
tions and glycemic control [265,266].

Nevertheless, TCM is becoming more appealing to western health-
care systems and other countries due to the holistic and comprehensive
approaches used in the management of diseases [267]. TCMs have
demonstrated promising results in clinical, in vivo, and in vitro studies
on protecting endothelial dysfunction in diabetes animal models and
patients with minimal-to-no side/adverse effects associated with wes-
tern hypoglycemic drugs [18]. Besides, TCM therapies are welcoming,
and culture friendly to patients as well as the economic burden is low
[268].

TCMs and their bioactive ingredients modulate favorably and ulti-
mately ameliorate molecular cascade of events that contribute to dis-
ease treatment and management and, thus, have multi-modal cellular
mechanisms of action. In addition, studies have established that TCMs/
bioactive ingredients prevent endothelial dysfunction, dysfunctional
vascular alterations, platelet activation, lipid peroxidation, ROS pro-
duction, and macrophage atherogenicity [77,269]. The western anti-
diabetic drug, metformin, widely used in clinics, was isolated and de-
veloped from Galega officinalis [270]. Given all these therapeutic abil-
ities, it is not surprising that TCM is being absorbed into evidence-based
therapies for the elimination and treatment of disease. Therefore, in this
section, we focus on TCM herbs with in vivo and in vitro activities, and
compare the efficacy of TCMs formula to western hypoglycemic drugs
on improving vascular endothelial dysfunction in diabetes. Table 2
shows the molecular actions of some TCMs and their isolated com-
pounds on diabetes vascular dysfunction.

12

Pharmacological Research 158 (2020) 104893

6.2.1. Danshen

Danshen, salviae miltiorrhizae Bge, a popular TCM used widely in
China due to its multiple cardiovascular protective functions. It is used
in the management of cardiac, diabetes, and cerebrovascular diseases.
In addition, Danshen, one of the critical ingredients of Xiao-Ke-An TCM
formula, which has been identified to exert endothelial protective
function due to its phenolic acid components [271]. Meanwhile, Dan-
shen injection is widely used in clinics to treat T2DM [272].

Moreover, in an ovariectomized (OVX) hyperlipidemic (HFD) rat
model, the aqueous root extract of Danshen improved serum lipids and
reduced body weight and prevented fatty liver. Also, increased in en-
dothelial-dependent vasorelaxation, primarily by stimulating NO pro-
duction, downregulating the mRNA expression levels of TNFa,ICAM-1,
VCAM-1, and upregulating the mRNA expression of eNOS in aortic
cells, supported its clinical use in diabetes and dyslipidemia in post-
menopausal women [273].

Danshen contains two major groups of bioactive ingredients, lipid-
soluble tanshinones, and water-soluble phenolic acids. Salvianolic acid
A decreased the level of serum vWF and ameliorated Ach-induced re-
laxation and KCl-triggered contraction in aortic rings of HFD-fed and
STZ-induced diabetic rats. Reduced serum MDA and nitric oxide syn-
thase (NOS) activity plus a decreased expression of eNOS protein were
reported as well, which indicates that salvianolic acid A protects against
endothelial dysfunction by the repressive effect on oxidative stress and
AGEs-induced endothelial dysfunction in diabetes [274]. Salvianolic
acid B relax aorta via activation of AMPK and eNOS [275] and inhibited
ox-LDL/HG-induced endothelial dysfunction via mediating reductions
in apoptosis-related proteins, phos-Drp1, and Fis1 proteins through the
downregulation of ROCK1-triggered apoptosis/mitophagy pathway
[276].

Tanshinone IIA (TANS IIA) relaxes aorta via activation of AMPK-
eNOS axis [275]. TANS IIA improved cell viability and ameliorated
cellular oxidative stress induced by MGO in bovine retinal ECs. Ex-
posure of MGO gave rise to mitochondrial fission and decrease ex-
pression of OPA1 and MFN1. Nevertheless, TANS IIA reduced mi-
tochondrial fragmentation and promoted the mRNA levels of MFN1 and
OPALl. Also, glyoxalase 1 (GLO1), an enzyme that participates in fes-
tering MGO was overexpressed. Knocking out GLO1 by siRNA abolished
the effect, suggesting that TANS IIA ameliorated mitochondrial ab-
normalities and apoptosis triggered by AGEs through enhancing the
levels of GLO1 [277]. Also, TANS IIA and Astragaloside IV combined
treatment suppressed IL-6, MMP-9, TNF-a, and CRP expression and
upregulates eNOS expression in ApoE~ /" mice and ox-LDL-driven
RAW 264.7 macrophages [281].

Collectively, Danshen and its bioactive compounds show potential
activity to attenuate oxidative stress, and inflammation and also to
promote the restoration of mitochondrial biogenesis and activation of
AMPK/eNOS in diabetes-induced endothelial dysfunction, hence a
possible therapeutic drug for alleviating ECs abnormalities and micro/
macrovascular complications of diabetes.

6.2.2. Ginseng

Ginseng, an ancient cultivated plant with history dated over 2000
years ago. It is a common and popular TCM plant in China as well as
some Asian countries including, Korea, Japan, and Vietnam. In addi-
tion, North American countries widely use the plant. The most com-
monly used ginsengs across the globe including, Panax ginseng, Panax
notoginseng, Panax quinquefolium L., and Panax japonicas. Various ex-
perimental studies have demonstrated that ginseng extracts have anti-
hyperglycemic, anti-microbial, anti-fatigue, improving body adapt-
ability, anti-hypertensive, insulin sensitization, anti-atherosclerosis,
and anti-hyperlipidemic effects [278-281].

Ginsenosides, bioactive constituents isolated from ginseng, have
shown protective effects in diabetes-triggered endothelial dysfunction
[282]. Similarly, Panax notoginseng saponins also improved en-
dothelial function in diabetic rats via regulation of eNOS/NO/cGMP



Pharmacological Research 158 (2020) 104893

(98pd 1x2u UO panunU0I)

[60€]

[80€]

[£0€]

[90€]

[so€]

[v0€]

[eo€]

[zog]

[1og]

[00€]

[662]

[862°L6T°96C°S6C V6T €6CT6T]

"LVD

PpUB (OS SISeaIdUl pue YA SISBIIII( "dSeun{odn[d pue
9sedsiq-9 ‘T-4 ‘@sed9D pue sisauadoauodn|d jo saniAnoe
S9ZI[RULION * _ .0 S9sea1d9p pue uononpoid QN S9seaiou]
‘uorssaidxa

S)1 pue gOFA jo uondusuen a3 sassaxddns I adueIRI[d
SUIUNEAI) PUR UOMRIX? urdoid Areurm soaorduir

pue s[eAd] 2s0on[3 poo[q sadnpa1 9ySom £poq saseaI1duf
-ase£] ayeurddNsouruIdIe pue ‘9seyIuAs

9)eurdNSOUTUISIR ‘SON JO S[OAJ] YNYUW S9]0WO0I]
*SOWAZUD JUBPIXOTIUR S9JBAS[D PUB ‘A}ADISUSS UINSUT
S9)OW0IJ 'SSIIIS IA[IBPIXO PUE 9IUBISISAI UI[NSUT SISLIIID(
srgoxd

pidi] saaoxdwir osfe pue A1Ande VD Pue qOS SIdUBYUY
*AMA PUBRT-INYDA ‘I-utoloid jueidenieowayd asdouow
S92NPaY “SIUSIU0D ON [BI[PYIOPUS puR [-UI[SYIOPUS
S9SBAIDAP puUB 9-T[ PUB VNI, JO [OAS] WINISS Y] SIINPARY
‘uUonOUNJ [RI[AYIOPUD I9A0III

0] Kemyped SONR-IV Y} S2IBANDIY 'S[9AS] VIA SISBIIIIP
pue Xd-HSD ‘A0S WIISS ‘S[9A3] dIND? ‘ON S9sea1ou]
'G9dgMAN pue “0-4NL ‘T-dDIN JO UoneAnde

1surede 109101d pue ‘SONa-soyd ‘ON Jo aseafa1 3y}
sajowold "IAT-X0 Pue O-IQT DL ‘DI DIVQH Jo asearoul
a1 urssaxddns ‘rmonns [[em erPYIopus saroxduy
"0T4Dd-039

-9 pue JSBYIUAS SUBXOqUIOIY] JO UOTIR[N3SISP J) SI0]SI
pue uonenWNs g-XOD S119AYy ‘uononpoid SOy sassarddns
pue ‘A)IAnde qOS U2IU0D dUOTYIeIN[S SISBIIIU]

* _%0 pue D-TAT ‘DL DL JO S[oA3] WINISS SISEIIR
‘uorssaidxa

SONP sasea1dul pue SONTI JO uonead[a sassaiddng
‘uoneAnde gNIN puB UOISSYpe d)Ad0u0wW S}IQIYUL
‘sIo)Iew A1ojewrurejul pue ‘surjoid ATurey zpg ¢/ YA
‘c-asedsed jo uoneande ‘uonepixorad pidi] syuaAdId
‘uononpoid SOY pue AIIGeIA [[99 JO SSO[ SIUIARI]

*S[9A3]

oS aseanul pue uononpoid SOy SIqIYU] ‘SON-soyd
pue uoissaidxe TLYIS sore[nSaidn pue [9A3] ON SoseIdU]
"UOLBAIIOR ZJIN PaIeIpoW-ULi/dENSD

/MY BIA UONJRWWER[JUI pue Uonerausd SOy sassarddng

SIXe HOVY

/S8T-yrur Sunsnlpe ela y1eap [[99 [e1PyIopus sassarddng
*S[9AS] ON WINIAS SISBAIDUT pue SOY WIS SISLAIRJ
‘uononpur A3eydoine

Juspuadap-uoneAnde OIJINY So1enSoy ONJINY

-soyd pue qzyDYHS Jo UoIssa1dxa 9y} SaseaIdu] ‘SON?
/PIV/ELd sarendar pue Aemyed gAN/HITL SHGIYUT
Aemyred JINDI/ON/SONB? sajouwold “A3eydoirur pajerpawr
-unjred/HNId sore[n3a1op pue uolssaxdxa TSI pue ‘IAA
‘1-daq seseardaq -urreudis YNr Suniqryur Aq sisoydode
pue sasuodsax A1ojeururefjur sassaxddng ‘sisoydode

pue Ayiqesuriad [[20 saseaI9P pue ‘£/IT-SONR-soyd
pue uononpoid QN SSeI2UT ‘SON? JO UONB[AIddE SHqIYU]

$1e1 O1I2qRIP PRINPU-ZLS

$1RI ONOqRIP PRONPUL-ZLS

SJel d1J9QRIP PIdNPUl- SPIWRUNOIIU-ZLS

$1RI OTI9QRIP PONPUI-ZLS/AAH

S18I dqRIP PRONPUI-QIH-ZLS

S1BI OOqRIP PRONPUL-ZLS

Sjel dnoqeIp padnpul-ZLS

SOHANH PaoNpul-DH ‘@31 PRDdNPUL-ZLS

SDHANH
PoONpUI-DH 901U JHIqRIP PAONPUI- ZLS

*SOHOVH PUe ‘SOAANH-
PIONPUI-DH ‘91U OPIRIP PIdNPUI- ZLS

SOHANH
POONPUI-DH ‘S1EY dHIqEIP PIONPULZLS

sa1400pod pareqnoul-oH pue ‘GINYN-T YIm
PareqnOUl-sDY dNI0R Jel ‘SOYANH PIanpur-Hy
‘d1W qp/qp ‘@oTul/sYer dJ3qeIp pRdNPUI-ZLS

PIoB dINY23)ed0101d

surzerddjAylowena],

QUIISAIIATIV-S

10BIXd JI[OURYIQ0IPAH

10BIXS — I91BM

(uoneurquiod) AT

opIso[eSernse pue proe dINIdg

ueproony
1YS1oM I[NIS[OW MO

urwApIq

ON- [0501£1£x01pAH

uresteg

so[nue1n rewduo], nAeny

AI apisoredensy

edod umiIy pue
‘eaderafo adioIny ‘ejjrrepqes snNISIQIH ‘TI[DIZ[EP BI[[oMSOg

‘J10H Suorxuenyd wmndnsn3ry

o1preD

*T esoIaqn) eIy

"AT[O sepTowIn eTUIIOdNy

XIpel 1fedensy pue sisuauls edpduy

3noyosary eoruodel erreurure

Jjowred1aq pue ‘uLrepuewl ‘suowd| ‘sadueIQ

[10 3ATIO

SISua[edIR(q BLIR[[9INDS
um(iAydojo wnyopueus) pue ‘[PUIdY Yoedd
‘suadsaqndxa[] ‘[osurog “I0H Suorxuenyd wndNsSN3IT
“33q ezryuonyiur eiafes “zpioy ereydadordeuwr
S9po[A1oeNY ‘OpPNITH ‘@WIIAIdYJ ‘SISUSUIS BII[P3Uy

(-28¢) snorjoy3uowr snfedensy ‘SnadeURIqUIdW SN[e3ensy

d

SUOIDY IB[MII[OA

[PPOIN TeruswLIadxy

punoduwo)

92In0g

13

P.K. Oduro, et al.

"uonUNISAP [EI[PYIOPUS PIdNPUI-SIIRGRIP UO DI, WOy spunoduiod paje[ost pue 1oenxs DL JO SUONDE Te[NIS[OIN
T dIqeL



Pharmacological Research 158 (2020) 104893

P.K. Oduro, et al.

[zzel

[1zel

[oze]

[61€]

[81¢€]

[z1€]

[91€]

[st€]

[v1e]

[e1€]

[z1el

[T1€]

[o1€]

‘Kemiped

Burreudis PV/HEId BIA S199]J9 sajerpaw pue uondiiosuen
AN sossaxddng “(T-INVDA PUe ‘T-dDIN “9-TI) JO S[A3]
seoje[ndarumop pue ‘uonezirejodsp [enualod sueIqUIDW
Terpuoyoyiw ‘sisoydode DHANH PRONPUI-OANL SHGIYUL
‘skemiped

GLIN/MIVIA BIA $199]J9 sa1e[NpOIA “A11ande ged pue
MNr-soyd pue uononpoid SOY SHQIYU] "UOISSAIdXd TINVDI
‘T-IVOA ‘9-T1 “P-ANLL ‘I-dOIN JO S[2A9] YNy sassaxddng
‘UOTIBDO[SURI) SNI[ONU pue gy IN-soyd pue uoneande g
/TXYH Ses19Aa1 pue uolssaidxe 10)dodar uadonss sayess[q
*suo1ssa1dxa FOVY pue ‘I-INVDI ‘1g-4D1 serem3aiumoq
*sDH 03 Judwydee pue uoneidiw adeydoioew sadNpay
‘UOTIBATIOR

swoseuwrueul ¢y IN Pue §9dg3IN jo uoniqryur

pue MdNV-soyd sajowoid VAN Pue SOY jo uonersuasd
9y} sjuaAd1d pue ‘S[oAd] Xd-HSD PUE LD SOSBaIdul
‘f31ATI98 QOS S21BAS[H "UOIssaIdxa TINVDI PUe TINVDA
sassaxddns pue ‘g-[ pue ‘g1-TI “O-IN.L JO S[OAJ] S9oNPAY
“Aanoe

@OS SeseaIdU] "UONBANdR gMAN pue ‘z/TMyd-soyd
Quajuod VAN ‘uononpoidisro SOy ‘uorssardxs [g-IDL
saje[n8arumop pue sisoydode WNIPYIOPUS SILNUINY
‘uonjerauald sOy pue sisoydode pasnpur

-T-gDINH PUe UOHRISUSS SOY PIsnpul-goy SIseardo
‘SIXe gXIN/IOVH

BIA UONDUNYSAP [EI[2UIOPUS SIJRIOIDWER pue ‘UoIssaIdxe
AOVY ‘1g-4DL se1em3aiumo(q "ANAndE JOS PIonpai-sEny
saseandU] 'Y I pue ‘uononpoid SOy ‘sisoydode sadnpay
‘suoissa1dxos urjoid gigN pue

AOVY PIdnpul-sgoOy sae[nS8arumop pue 1¢-JDJ, dUI0ILd
A10rewrurefjuroxd Jo uorssaidxa sasearddd ‘SOY padnpul
-SHOV SNQIYU] "V A S9Se2109p pue AJIAIdE JOS SOSea1dU]
*dOS Sosea1dur

pue ‘SOY s9onpai ‘uorssaidxe uraroxd guAN SIqIUUI ‘J1-T1
pue 0-INJ, S9sea109p ‘uonerajijoid 1040 sOTYY sassaiddng
-a8essed urungye [erPyIopusasuLI]

$9ONPaI pue AJIATIOR ISLLIEq [I[OYIOPUS SUTBIUTRIA
*Aiqesunrod WINI[RYIOPUD SIINPAI PUB DUBISISAI
[BOLID9[0 [BI[9YIOPUSSURI) $9]1RAS[H UOISSaIdXe YNYW
aseuereday pue sso] xA[e2024[3 [erjaylopus sapaduuy
z/DIyd-soyd syqryug

‘UNII[RS-H pue ‘I-INVDA ‘T-INVDI JO S[9AJ] WINISS pue
VNYW S30Npay "asea[ol 9-[ sajenusie pue ‘God@yIN Jo
UOTIEDO[SURI] SND[INU S)IqIYU] "S[IAJ] urajoxd gy saseaour
nq s[2A9] 9-T1 pue godgIN-soyd sasea1ddq ‘qos

Jo s[A9] urajoad saseardur pue Aemyled pajeIpoU-ISLPIXO
H(d)AvN Jjo uorssaxddns e1a uononpoid SOy S9oNpay
ADdq pue IDHA ‘UNIAS

- “T-INVDI ‘T-INVDA Jo uorssaidxa o) sasea1da( "Aemiped
$XON 23 e1a sisojdode pue ‘Ssans 9AIIEPIXO SdNpay
‘BUNRI/WNISS UT ], pue ‘Tourdias ‘g1

-1 “9-TI “O-ANLL JO uoIssaxdxa YNYuW sasearddq ‘GodgyiN
-soyd seonpa1 pue ‘I-yoid pue godgy N sa1edoiqy
*s101dad31 )1 pue JHHA JO UOIssaIdxe YNYW [eurial
S90NpaYy “AIIABD SNOSMIA PUB JDHA PISEIIIUT SISLAIR

SOHANH Pa2npul-OiNL

SOHANH PI2NPUI-SHOY-9PAYP[EIIAID

'SOIANH
uonenyur sadeydoroew padNpuI-sEOV

SOHANH PdNPUI-SHOV

SOHANH PadNpUl-SHOV

SOHANH PadoNpUl-sEHY

SOHANH PINPUL-SHOV

SOHANH PadNpUl-SHOV

SOHYY paonpul-HH

SOHANH padnpul-9H

SOHANH pad>npur-HH

SDHANH Ppadnpul-dH

Q01w Ayyedounal d_qeIp PAdNPUI-ZLS

g (*bIA)
BIR[D BI[RIY JO suruodes [e10],

apisofeurejue[d

uIsodATeD

apisoIpies

JoeIIXo v:.u:.mﬂuwo‘_U%I
Sjewreqred ([Ayeur)
siq-oueypRuAusydIp- Yy

unmbry

pIoe J1ZIYLIAIA[D

Quaq[NsoId

13y apisouasurn

UTLIeD]

V MO[[24 Jo[jJesAxoIpAH

sprjoydeidoipuy

T SISULUIYD eIfely eASuoT

edneise odejue[d

x1pel fedensy

©3SOI R[OIPOUY

qx0y eIqe[s Xe[rus

T eqe SnION

®Iqe[3 BZIYLIADAID

SISUS[RIN BZIYLIKIA[D

poom[epues pay

BuasurSojou xeueq

sardads juerd wnipaundyg

T SNLI0JoUI) snureylre)

eyemnorued siyderSoipuy

4

SUOTDY IB[MIS[OA

[9POIN [eIUSWILIdXY

punodwo)

92In0g

(pomuguoo) g 31qel

14



P.K. Oduro, et al.

signaling pathway [283]. Among the ingredients, Ginsenoside Re and
Rb1 could vasodilate aorta via eNOS and COX pathway [284]. Mean-
while, ginsenoside Rbl prevented homocysteine-induced endothelial
dysfunction via VEGF/p38MAPK and SDF-1/CXCR4 activation [285]
and PI3K/Akt activation and PKC inhibition [286]. Interestingly, blood
glucose fluctuation potentially exacerbates the advancement of vascular
endothelial dysfunction in diabetes. Panax Quinquefolius saponin
ameliorates HG fluctuation by reducing vessel stress, inhibiting vaso-
constrictor, ET-1, generation, preventing decrease NO levels, and in-
flammatory responses [287].

Yang et al. showed that ginsenoside Rgl improves angiogenesis of
diabetic ischemic hindlimb, and the potential mechanism may be re-
lated to an increase in eNOS activation and upregulation of VEGF ex-
pression [288]. Ginsenoside Rb1 partially prevented the increase in
MDA content and GSH levels in rat retina. The upregulation of the le-
vels of Nrf2, glutathione cysteine ligase catalytic subunit (GCLC), and
glutathione cysteine ligase modulatory subunit (GCLM) expression was
observed with ginsenoside Rbl treatment, thus attenuates diabetic
retinal endothelial dysfunction secondary to diabetic nephropathy in
STZ-induced diabetic rats via regulating oxidative stress [289].

Panax ginseng extract ameliorated HG-impaired vasodilation and
downregulated endothelial dysfunction-related gene expression levels
of adhesion molecules, inflammatory cytokines, and chemokines to
exert protective effects on endothelial function. Meanwhile, its en-
dothelial protective effects were associated with the upregulation of
expression of lipid metabolism-related genes, mainly PPARy, a target of
TZDs drugs [269]. VEGF-triggered intracellular ROS generation, stress
fiber formation, and VE-Cadherin disruption amount to an increase in
oxidative stress and endothelial permeability in retina cells. Dammar-
enediol-II, a triterpenoid saponin of Panax ginseng, treatment massively
suppressed the above detrimental effects of VEGF in HUVECs. Also,
intravitreal injection of dammarenediol-II inhibited microvascular
leakage in the retina of diabetic mice [290]. A double-blind, placebo-
controlled, parallel study concluded that 3 g of Panax-quinquefolius L.
extract improves arterial stiffness to enhance endothelial function in
T2DM and concomitant hypertensive patients [291]. In summary,
Ginseng is a potential therapeutic drug that can help alleviate diabetes
endothelial dysfunction and microvascular complications of diabetes,
notably diabetic retinopathy.

7. Efficacy and safety of TCM against western medicine on
vascular endothelial dysfunction in diabetes

TCM has gained a unanimous role in the primary healthcare man-
agement of China and other countries, and TCM formula effects in the
management or use as an adjuvant to western antidiabetics have been
reported in several clinical trials [323,324]. To show its efficacy and
tolerable adverse effects, meta-analysis study reported that the use of
TCMs in the clinical management of T2DM shows massively favorable
hypoglycemic effects, improved altered biochemical markers, reduction
in body weight, and fewer tolerable side/adverse effects with additional
beneficial effects compared to oral western antidiabetic drugs use only
[325].

Besides the hypoglycemic effects, TCM formula and its ingredients
have been investigated in clinical studies for their endothelial function
enhancement and anti-atherosclerotic properties.

In a single-blind randomized controlled trial of 168 patients with
T2DM and vascular dementia, post-treatment of Sancaijiangtang pow-
ders plus pioglitazone hydrochloride improved HbAlc, HOMA-IR and
decreased plasma ET-1 and increased NO bioavailability better than
pioglitazone hydrochloride control group. The increase in NO levels
and vasoconstrictor, ET-1 decreased levels enhanced endothelial func-
tion, whereas improved HbAlc and HOM-IR values showed an im-
provement in insulin sensitivity in the patients. Also, regarding safety
data, Sancaijiangtang powders plus pioglitazone hydrochloride group
had few side effects that are nausea and vomiting compared to nausea,
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vomiting, moderate diarrhea, and abdominal distention reported for
pioglitazone hydrochloride control group [267].

In addition, a comparative clinical study demonstrated with met-
formin, berberine (an alkaloid isolated from a lot of Chinese herbs)
exhibited a similar effect on diabetic biomarkers involved in the reg-
ulation of glucose metabolisms, such as HbAlc, FBG, postprandial
blood glucose (PBG), fasting insulin and postprandial insulin. Berberine
also improves FMD and decreases serum levels of MDA and circulating
endothelial microparticles (CD31 +/CD42-) to partly reduce oxidative
stress of vascular endothelium in humans. On safety, no serious adverse
events occurred, but mild to moderate constipation occurred in some
participants receiving berberine [326].

Also, a clinical study of N=21 T2DM patients with micro-
albuminuria was given the decoction of Astragali Radix and Rhizoma
Ligustici Chuanxiong per os 150 ml q.d. for 6 months. Patients were
examined using high-resolution ultrasonography to determine changes
of the brachial artery in response to reactive hyperemia (endothelium-
dependent relaxation) and glyceryl trinitrate (endothelium-in-
dependent relaxation). At the end of treatment, endothelium-dependent
vasorelaxation improved (7.49 £298 % — 12.73*5.36 %,
P < 0.001). Similarly, PAI-1 activity and the levels of MDA and CRP
were significantly decreased. However, no significant change was re-
ported for intima-media thickness of common carotid arteries (CCIMT)
and endothelial independent vasorelaxation. The results indicate that
Astragali Radix and Rhizoma Ligustici Chuanxiong have the potential to
positively promote endothelial function similar to western medicines
[327]. Meanwhile, Perilla oil, extracted from the seeds of Perilla, has
been demonstrated to downregulate the levels of CRP, PAI-1, and TNF-
a in serum to improve endothelial function in patients [328]. Perilla oil
supplementation is associated with nausea and vomiting as clinical side
effects without any adverse effects on the kidney and liver [329].

Conclusively, these clinical trials and other in vivo studies involving
the use of TCMs have demonstrated beyond thought about their bene-
ficial effects in diabetes and vascular endothelial dysfunction. Likewise,
TCM formula and its ingredients positively impact on altered bio-
chemical markers observed in diabetes endothelial dysfunction levels in
these patients, if not better at least comparable to similar effects ob-
served for western medicines. Also, Table 3 further shows some com-
parative effects between TCM formula and western medicine on dia-
betes endothelial dysfunction biochemical markers in clinical studies.

Moreover, most of these clinical studies were conducted with TCM
formula medicine as add-ons to western medicine in these patients for
an improved comparative effect analysis, safety, and better efficacy
profile, which is necessary since integrative medicine has recently be-
come the hope and hallmark for future medical practice. Likewise, co-
administration of Astragali radix and pioglitazone does not affect
pharmacokinetics parameters of pioglitazone, western antidiabetic drug
[330].

However, limited clinical trial data is available on the assessment of
TCMs on biomarkers of diabetes-induced vascular dysfunction com-
pared to western antidiabetic drugs [12,331]. Therefore, we re-
commend more clinical trials with a large population on the combi-
nation of western medicines and TCMs formula as well as TCMs formula
only in diabetic vascular endothelial dysfunction.

8. Conclusion and perspective

The action of endothelial cells is vital to the biology of vascular
wall, kidney, retina, and nerves. Understanding diabetes mediated
changes in endothelial cellular processes and its association with the
development of CVDs will aid in developing a unified therapeutic ap-
proach to improve the physiology of the afflicted organs. The discussed
molecular signaling pathways and pharmacological targets present the
recent findings, advances, and current knowledge in the area of en-
dothelial dysfunction induced by diabetes. Although these studies have
demonstrated possible therapeutic targets and approaches that support
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Table 3 (continued)

Ref.

Biochemical markers outcomes

Treatment
duration

Placebo/Control

TCM Formula
ingredients

TCM

Patient Population

Formula

[341]

Shenkang injection: decreases MCP-1(327.29-231.72

4 weeks

N = 90 established diabetic
patients with nephropathy

complication

Enalapril

Rheum Officinale, salvia miltiorrhiza, safflower,

Astragali radix

Shenkang injection

pg/ml) and ICAM-1 (453.82-271.19 ng/ml) (p < 0.05).
Control: MCP-1(330.24-287.66 pg/ml) and ICAM-1

(460.04-330.81 ng/ml).

(BEOESR)

Effective rate: Shenkang injection was 91.11 % effective

in treatment compared to control (77.78 %) (p < 0.05)

p < 0.05, p < 0.01 significant compared to control.
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the restoration of NO bioavailability and maintenance of endothelial
cell activity, different and distinct target pathways were reported. This
was likely, seeing the multiple pathways and interconnected events
mediated by hyperglycemia such as AMPK inactivation, mitochondrial
fission, ER stress, inflammasomes activation, etc., in endothelial dys-
function. Moreover, we speculate that future investigation may include,
but not limited to, the following directions: non-coding RNA, exosome,
and gut microbiota.

However, on the targeting of the above molecular signals, several
antidiabetic medicines, including metformin, TZDs, show positive ef-
fects, but these modulatory effects are exclusive of some endothelial
dysfunction biomarkers altered in the pathophysiology of diabetes-in-
duced vascular diseases. Accordingly, recent development for eminent
therapeutic strategies has demonstrated in clinical trials that a combi-
nation of TCM formula and western antidiabetic drugs exhibit bene-
ficial effects on the endothelial dysfunction biomarkers and better
safety profile. Moreover, TCM or its bioactive ingredients have shown a
positive impact in achieving an improved endothelial function in vivo
and in vitro studies. Haven said these, more retrospective and com-
parative clinical trial studies are needed to assist in elucidating risks,
safety, drugs-herb interaction, and pharmacodynamics assessments on
the broader population. Also, deciphering into the cons and pros of
these multiple molecular pathways will aid in embarking on further
studies on this subject matter, thence facilitate the pharmacological
knowledge, clinical management of the disorder, and drug develop-
ment.

Declaration of Competing Interest

The authors declare that the research was conducted in the absence
of any financial or commercial or financial relationships that could be
construed as a potential conflict of interest.

Acknowledgments

This study was supported by the National Program for NSFC
(81973624, 81774017, 81803959), the Natural Science Foundation of
Tianjin City (grant No. 19JCYBJC28200), and Scientific Research
Project of Tianjin Education Commission (2017KJ140).

References

[1] P. Saeedi, I. Petersohn, P. Salpea, B. Malanda, S. Karuranga, N. Unwin,
S. Colagiuri, L. Guariguata, A.A. Motala, K. Ogurtsova, J.E. Shaw, D. Bright,
R. Williams, Global and regional diabetes prevalence estimates for 2019 and
projections for 2030 and 2045: results from the International Diabetes Federation
Diabetes Atlas, 9(th) edition, Diabetes Res. Clin. Pract. 157 (2019) 107843.

[2] M.Z. Kocak, G. Aktas, B.M. Atak, T.T. Duman, O.M. Yis, E. Erkus, H. Savli, Is
Neuregulin-4 a predictive marker of microvascular complications in type 2 dia-
betes mellitus? A cross sectional study, Eur. J. Clin. Invest. (2020) e13206.

[3] J. Xie, M.K. Ikram, M.F. Cotch, B. Klein, R. Varma, J.E. Shaw, R. Klein, P. Mitchell,
E.L. Lamoureux, T.Y. Wong, Association of diabetic macular edema and pro-
liferative diabetic retinopathy with cardiovascular disease: a systematic review
and meta-analysis, JAMA Ophthalmol. 135 (6) (2017) 586-593.

[4] A.M. Zahran, I.L. Mohamed, O.M. El Asheer, D.M. Tamer, E.M.G.M. Abo,

M.H. Abdel-Rahim, O.H.B. El-Badawy, K.I. Elsayh, Circulating endothelial cells,
circulating endothelial progenitor cells, and circulating microparticles in type 1
diabetes mellitus, Clin. Appl. Thromb. Hemost. 25 (2019) 1076029618825311.

[5] L. Vucicevic, M. Misirkic, K. Janjetovic, U. Vilimanovich, E. Sudar, E. Isenovic,
M. Prica, L. Harhaji-Trajkovic, T. Kravic-Stevovic, V. Bumbasirevic, V. Trajkovic,
Compound C induces protective autophagy in cancer cells through AMPK inhibi-
tion-independent blockade of Akt/mTOR pathway, Autophagy 7 (1) (2011) 40-50.

[6] K. Moazzami, B.B. Lima, M. Hammadah, R. Ramadan, I. Al Mheid, J.H. Kim,

A. Alkhoder, M. Obideen, O. Levantsevych, A. Shah, C. Liu, J.D. Bremner,

M. Kutner, Y.V. Sun, E.K. Waller, I.G. Hesaroieh, P. Raggi, V. Vaccarino,

A.A. Quyyumi, Association between change in circulating progenitor cells during
exercise stress and risk of adverse cardiovascular events in patients with coronary
artery disease, JAMA Cardiol. (2019).

[7] F.J. Yao, Y.D. Zhang, Z. Wan, W. Li, H. Lin, C.H. Deng, Y. Zhang, Erectile dys-
function is associated with subclinical carotid vascular disease in young men
lacking widely-known risk factors, Asian J. Androl. 20 (4) (2018) 400-404.

[8] H. Maamoun, M. Zachariah, J.H. McVey, F.R. Green, A. Agouni, Heme oxygenase
(HO)-1 induction prevents Endoplasmic Reticulum stress-mediated endothelial
cell death and impaired angiogenic capacity, Biochem. Pharmacol. 127 (2017)


http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0005
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0005
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0005
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0005
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0005
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0010
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0010
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0010
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0015
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0015
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0015
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0015
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0020
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0020
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0020
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0020
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0025
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0025
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0025
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0025
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0030
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0030
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0030
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0030
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0030
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0030
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0035
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0035
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0035
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0040
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0040
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0040

P.K. Oduro, et al.

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

46-59.

K. Elmasry, A.S. Ibrahim, H. Saleh, N. Elsherbiny, S. Elshafey, K.A. Hussein, M. Al-
Shabrawey, Role of endoplasmic reticulum stress in 12/15-lipoxygenase-induced
retinal microvascular dysfunction in a mouse model of diabetic retinopathy,
Diabetologia 61 (5) (2018) 1220-1232.

S.S. Lund, L. Tarnow, C.D. Stehouwer, C.G. Schalkwijk, T. Teerlink, J. Gram,

K. Winther, M. Frandsen, U.M. Smidt, O. Pedersen, H.H. Parving, A.A. Vaag,
Impact of metformin versus repaglinide on non-glycaemic cardiovascular risk
markers related to inflammation and endothelial dysfunction in non-obese pa-
tients with type 2 diabetes, Eur. J. Endocrinol. / Eur. Federat. Endocr. Soc. 158 (5)
(2008) 631-641.

J. Joya-Galeana, M. Fernandez, A. Cervera, S. Reyna, S. Ghosh, C. Triplitt, N. Musi,
R.A. DeFronzo, E. Cersosimo, Effects of insulin and oral anti-diabetic agents on
glucose metabolism, vascular dysfunction and skeletal muscle inflammation in
type 2 diabetic subjects, Diabetes Metab. Res. Rev. 27 (4) (2011) 373-382.

J. de Jager, A. Kooy, C. Schalkwijk, J. van der Kolk, P. Lehert, D. Bets,

M.G. Wulffele, A.J. Donker, C.D. Stehouwer, Long-term effects of metformin on
endothelial function in type 2 diabetes: a randomized controlled trial, J. Intern.
Med. 275 (1) (2014) 59-70.

H. Ren, Y. Shao, C. Wu, X. Ma, C. Lv, Q. Wang, Metformin alleviates oxidative
stress and enhances autophagy in diabetic kidney disease via AMPK/SIRT1-FoxO1
pathway, Mol. Cell. Endocrinol. 500 (2020) 110628.

X.L. Bai, X.L. Deng, G.J. Wu, W.J. Li, S. Jin, Rhodiola and salidroside in the
treatment of metabolic disorders, Mini Rev. Med. Chem. 19 (19) (2019)
1611-1626.

F. Yang, Y. Qin, Y. Wang, S. Meng, H. Xian, H. Che, J. Lv, Y. Li, Y. Yu, Y. Bai,
L. Wang, Metformin inhibits the NLRP3 inflammasome via AMPK/mTOR-depen-
dent effects in diabetic cardiomyopathy, Int. J. Biol. Sci. 15 (5) (2019) 1010-1019.
D. Mo, S. Liu, H. Ma, H. Tian, H. Yu, X. Zhang, N. Tong, J. Liao, Y. Ren, Effects of
acarbose and metformin on the inflammatory state in newly diagnosed type 2
diabetes patients: a one-year randomized clinical study, Drug Design, Deve. Ther.
13 (2019) 2769-2776.

E. Fidan, H. Onder Ersoz, M. Yilmaz, H. Yilmaz, M. Kocak, C. Karahan, C. Erem,
The effects of rosiglitazone and metformin on inflammation and endothelial dys-
function in patients with type 2 diabetes mellitus, Acta Diabetol. 48 (4) (2011)
297-302.

F. Lian, J. Tian, X. Chen, Z. Li, C. Piao, J. Guo, L. Ma, L. Zhao, C. Xia, C.Z. Wang,
C.S. Yuan, X. Tong, The efficacy and safety of chinese herbal medicine jinlida as
add-on medication in type 2 diabetes patients ineffectively managed by metformin
monotherapy: a double-blind, randomized, placebo-controlled, multicenter trial,
PLoS One 10 (6) (2015) e0130550.

X. Shi, S. Wang, H. Luan, D. Tuerhong, Y. Lin, J. Liang, Y. Xiong, L. Rui, F. Wu,
Clinopodium chinense attenuates palmitic acid-induced vascular endothelial in-
flammation and insulin resistance through TLR4-mediated NF- kappa B and MAPK
pathways, Am. J. Chin. Med. 47 (1) (2019) 97-117.

F.Q. Cui, L. Tang, Y.B. Gao, Y.F. Wang, Y. Meng, C. Shen, Z.L. Shen, Z.Q. Liu,
W.J. Zhao, W.J. Liu, Effect of Baoshenfang Formula on podocyte injury via in-
hibiting the NOX-4/ROS/p38 pathway in diabetic nephropathy, J. Diabetes Res.
2019 (2019) 2981705.

S. Brinkhues, N. Dukers-Muijrers, C. Hoebe, C.J.H. van der Kallen, A. Koster,
R.M.A. Henry, C.D.A. Stehouwer, P.H.M. Savelkoul, N.C. Schaper, M.T. Schram,
Social network characteristics are associated with type 2 diabetes complications:
the maastricht study, Diabetes Care 41 (8) (2018) 1654-1662.

2. Classification and diagnosis of diabetes: standards of medical care in diabetes-
2020, Diabetes Care 43 (Suppl 1) (2020) S14-s31.

C. Lo, T. Toyama, Y. Wang, J. Lin, Y. Hirakawa, M. Jun, A. Cass, C.M. Hawley,
H. Pilmore, S.V. Badve, V. Perkovic, S. Zoungas, Insulin and glucose-lowering
agents for treating people with diabetes and chronic kidney disease, Cochrane
Database Syst. Rev. 9 (2018) Cd011798.

S.R. Seshasai, S. Kaptoge, A. Thompson, E. Di Angelantonio, P. Gao, N. Sarwar,
P.H. Whincup, K.J. Mukamal, R.F. Gillum, I. Holme, I. Njolstad, A. Fletcher,

P. Nilsson, S. Lewington, R. Collins, V. Gudnason, S.G. Thompson, N. Sattar,

E. Selvin, F.B. Hu, J. Danesh, Diabetes mellitus, fasting glucose, and risk of cause-
specific death, N. Engl. J. Med. 364 (9) (2011) 829-841.

A. Tirosh, I. Shai, A. Afek, G. Dubnov-Raz, N. Ayalon, B. Gordon, E. Derazne,

D. Tzur, A. Shamis, S. Vinker, A. Rudich, Adolescent BMI trajectory and risk of
diabetes versus coronary disease, N. Engl. J. Med. 364 (14) (2011) 1315-1325.
J.J. Zhou, D.C. Schwenke, G. Bahn, P. Reaven, Glycemic variation and cardio-
vascular risk in the veterans affairs diabetes trial, Diabetes Care 41 (10) (2018)
2187-2194.

A. Kumar, D.R. Patel, K.E. Wolski, A.M. Lincoff, S.R. Kashyap, G. Ruotolo,

E. McErlean, G. Weerakkody, J.S. Riesmeyer, S.J. Nicholls, S.E. Nissen, V. Menon,
Baseline fasting plasma insulin levels predict risk for major adverse cardiovascular
events among patients with diabetes and high-risk vascular disease: insights from
the ACCELERATE trial, Diab. Vasc. Dis. Res. 16 (2) (2019) 171-177.

L.H. de Boer, W. Sun, P.A. Cleary, J.M. Lachin, M.E. Molitch, M.W. Steffes,

B. Zinman, Intensive diabetes therapy and glomerular filtration rate in type 1
diabetes, N. Engl. J. Med. 365 (25) (2011) 2366-2376.

A.A. Liakishev, Intensive diabetes treatment and cardiovascular disease in patients
with type 1 diabetes. Results of the DCCT/EDIC study, Kardiologiia 46 (3)
(2006) 73.

D.M. Nathan, J. Lachin, P. Cleary, T. Orchard, D.J. Brillon, J.Y. Backlund,

D.H. O’Leary, S. Genuth, Intensive diabetes therapy and carotid intima-media
thickness in type 1 diabetes mellitus, N. Engl. J. Med. 348 (23) (2003) 2294-2303.
A.T. Robinson, LS. Fancher, A.M. Mahmoud, S.A. Phillips, Microvascular vasodi-
lator plasticity after acute exercise, Exerc. Sport Sci. Rev. 46 (1) (2018) 48-55.
N.D. Tsihlis, C.S. Oustwani, A.K. Vavra, Q. Jiang, L.K. Keefer, M.R. Kibbe, Nitric
oxide inhibits vascular smooth muscle cell proliferation and neointimal hyper-
plasia by increasing the ubiquitination and degradation of UbcH10, Cell Biochem.
Biophys. 60 (1-2) (2011) 89-97.

18

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Pharmacological Research 158 (2020) 104893

M. Feletou, Integrated Systems Physiology: From Molecule to Function to Disease,
the Endothelium: Part 1: Multiple Functions of the Endothelial Cells-Focus on
Endothelium-Derived Vasoactive Mediators, Morgan & Claypool Life Sciences
Copyright (c) 2011 by Morgan & Claypool Life Sciences Publishers, San Rafael
(CA), 2011.

H.H. Dietrich, D.R. Abendschein, S.H. Moon, N. Nayeb-Hashemi, D.J. Mancuso,
C.M. Jenkins, K.M. Kaltenbronn, K.J. Blumer, J. Turk, R.W. Gross, Genetic ablation
of calcium-independent phospholipase A(2)beta causes hypercontractility and
markedly attenuates endothelium-dependent relaxation to acetylcholine, Am. J.
Physiol. Heart Circul. Physiol. 298 (6) (2010) H2208-20.

M.F. Yuyun, L.L. Ng, G.A. Ng, Endothelial dysfunction, endothelial nitric oxide
bioavailability, tetrahydrobiopterin, and 5-methyltetrahydrofolate in cardiovas-
cular disease. Where are we with therapy? Microvasc. Res. 119 (2018) 7-12.
M.A. Incalza, R. D’Oria, A. Natalicchio, S. Perrini, L. Laviola, F. Giorgino,
Oxidative stress and reactive oxygen species in endothelial dysfunction associated
with cardiovascular and metabolic diseases, Vascul. Pharmacol. 100 (2018) 1-19.
. Maruhashi, M. Kajikawa, S. Kishimoto, H. Hashimoto, Y. Takaeko, T. Yamaji,
. Harada, Y. Han, Y. Aibara, F. Mohamad Yusoff, T. Hidaka, Y. Kihara,

. Chayama, A. Nakashima, C. Goto, H. Tomiyama, B. Takase, T. Kohro, T. Suzuki,
. Ishizu, S. Ueda, T. Yamazaki, T. Furumoto, K. Kario, T. Inoue, S. Koba,

. Watanabe, Y. Takemoto, T. Hano, M. Sata, Y. Ishibashi, K. Node, K. Maemura,
. Ohya, T. Furukawa, H. Ito, H. Ikeda, A. Yamashina, Y. Higashi, Diagnostic
criteria of flow-mediated vasodilation for normal endothelial function and ni-
troglycerin-induced vasodilation for normal vascular smooth muscle function of
the brachial artery, J. Am. Heart Assoc. 9 (2) (2020) e013915.

M. Dorr, N.M. Hamburg, C. Muller, N.L. Smith, S. Gustafsson, T. Lehtimaki,

A. Teumer, T. Zeller, X. Li, L. Lind, O.T. Raitakari, U. Volker, S. Blankenberg,

B. McKnight, A.P. Morris, M. Kahonen, R.N. Lemaitre, P.S. Wild, M. Nauck,

H. Volzke, T. Munzel, G.F. Mitchell, B.M. Psaty, C.M. Lindgren, M.G. Larson,
S.B. Felix, E. Ingelsson, L.P. Lyytikainen, D. Herrington, E.J. Benjamin,

R.B. Schnabel, Common genetic variation in relation to brachial vascular dimen-
sions and flow-mediated vasodilation, Circ. Genom. Precis. Med. 12 (2) (2019)
e002409.

T. Maruhashi, J. Soga, N. Fujimura, N. Idei, S. Mikami, Y. Iwamoto, A. Iwamoto,
M. Kajikawa, T. Matsumoto, N. Oda, S. Kishimoto, S. Matsui, H. Hashimoto,

Y. Aibara, F.M. Yusoff, T. Hidaka, Y. Kihara, K. Chayama, K. Noma, A. Nakashima,
C. Goto, H. Tomiyama, B. Takase, T. Kohro, T. Suzuki, T. Ishizu, S. Ueda,

T. Yamazaki, T. Furumoto, K. Kario, T. Inoue, S. Koba, K. Watanabe, Y. Takemoto,
T. Hano, M. Sata, Y. Ishibashi, K. Node, K. Maemura, Y. Ohya, T. Furukawa, H. Ito,
H. Ikeda, A. Yamashina, Y. Higashi, Brachial artery diameter as a marker for
cardiovascular risk assessment: FMD-J study, Atherosclerosis 268 (2018) 92-98.
X. Liu, J. Li, J. Liao, H. Wang, X. Huang, Z. Dong, Q. Shen, L. Zhang, Y. Wang,
W. Kong, G. Liu, W. Huang, Gpihbp1 deficiency accelerates atherosclerosis and
plaque instability in diabetic Ldlr(-/-) mice, Atherosclerosis 282 (2019) 100-109.
G. Tang, F. Duan, W. Li, Y. Wang, C. Zeng, J. Hu, H. Li, X. Zhang, Y. Chen, H. Tan,
Metformin inhibited Nod-like receptor protein 3 inflammasomes activation and
suppressed diabetes-accelerated atherosclerosis in apoE(-/-) mice, Biomed.
Pharmacother. 119 (2019) 109410.

S. Mohan, R.L. Reddick, N. Musi, D.A. Horn, B. Yan, T.J. Prihoda, M. Natarajan,
S.L. Abboud-Werner, Diabetic eNOS knockout mice develop distinct macro- and
microvascular complications, Lab. Invest. 88 (5) (2008) 515-528.

H. Yu, C.S. Moran, A.F. Trollope, L. Woodward, R. Kinobe, C.M. Rush, J. Golledge,
Angiopoietin-2 attenuates angiotensin II-induced aortic aneurysm and athero-
sclerosis in apolipoprotein E-deficient mice, Sci. Rep. 6 (2016) 35190.

D.R. Beriault, S. Sharma, Y. Shi, M.I. Khan, G.H. Werstuck, Glucosamine-supple-
mentation promotes endoplasmic reticulum stress, hepatic steatosis and ac-
celerated atherogenesis in apoE-/- mice, Atherosclerosis 219 (1) (2011) 134-140.
Q. Wang, M. Zhang, B. Liang, N. Shirwany, Y. Zhu, M.H. Zou, Activation of AMP-
activated protein kinase is required for berberine-induced reduction of athero-
sclerosis in mice: the role of uncoupling protein 2, PLoS One 6 (9) (2011) e25436.
F.F. Mo, H.X. Liu, Y. Zhang, J. Hua, D.D. Zhao, T. An, D.W. Zhang, T. Tian,

S.H. Gao, Anti-diabetic effect of loganin by inhibiting FOXO1 nuclear transloca-
tion via PI3K/Akt signaling pathway in INS-1 cell, Iran. J. Basic Med. Sci. 22 (3)
(2019) 262-266.

J. Tanaka, L. Qiang, A.S. Banks, C.L. Welch, M. Matsumoto, T. Kitamura, Y. Ido-
Kitamura, R.A. DePinho, D. Accili, Foxol links hyperglycemia to LDL oxidation
and endothelial nitric oxide synthase dysfunction in vascular endothelial cells,
Diabetes 58 (10) (2009) 2344-2354.

K. Tsuchiya, J. Tanaka, Y. Shuiging, C.L. Welch, R.A. DePinho, I. Tabas, A.R. Tall,
1.J. Goldberg, D. Accili, FoxOs integrate pleiotropic actions of insulin in vascular
endothelium to protect mice from atherosclerosis, Cell Metab. 15 (3) (2012)
372-381.

F. Liu, S. Fang, X. Liu, J. Li, X. Wang, J. Cui, T. Chen, Z. Li, F. Yang, J. Tian, H. Li,
L. Yin, B. Yu, Omentin-1 protects against high glucose-induced endothelial dys-
function via the AMPK/PPARdelta signaling pathway, Biochem. Pharmacol. 174
(2020) 113830.

D.W. Lai, K.H. Lin, W.H. Sheu, M.R. Lee, C.Y. Chen, W.J. Lee, Y.W. Hung,

C.C. Shen, T.J. Chung, S.H. Liu, M.L. Sheu, TPL2 (Therapeutic Targeting Tumor
Progression Locus-2)/ATF4 (Activating Transcription Factor-4)/SDF1lalpha
(Chemokine Stromal Cell-Derived Factor-alpha) Axis Suppresses Diabetic
Retinopathy, Circ. Res. 121 (6) (2017) e37-e52.

J. Fu, C. Wei, W. Zhang, D. Schlondorff, J. Wu, M. Cai, W. He, M.H. Baron,

P.Y. Chuang, Z. Liu, J.C. He, K. Lee, Gene expression profiles of glomerular en-
dothelial cells support their role in the glomerulopathy of diabetic mice, Kidney
Int. 94 (2) (2018) 326-345.

Y.Y. Yang, L.X. Shi, J.H. Li, L.Y. Yao, D.X. Xiang, Piperazine ferulate ameliorates
the development of diabetic nephropathy by regulating endothelial nitric oxide
synthase, Mol. Med. Rep. 19 (3) (2019) 2245-2253.

H. Huang, G. Jing, J.J. Wang, N. Sheibani, S.X. Zhang, ATF4 is a novel regulator of
MCP-1 in microvascular endothelial cells, J. Inflamm. Lond. (Lond) 12 (2015) 31.

<ARHARAA


http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0040
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0045
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0045
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0045
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0045
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0055
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0055
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0055
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0055
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0060
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0060
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0060
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0060
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0065
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0065
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0065
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0070
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0070
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0070
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0075
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0075
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0075
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0080
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0080
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0080
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0080
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0085
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0085
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0085
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0085
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0090
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0090
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0090
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0090
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0090
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0095
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0095
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0095
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0095
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0100
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0100
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0100
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0100
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0105
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0105
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0105
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0105
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0110
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0110
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0115
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0115
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0115
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0115
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0120
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0120
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0120
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0120
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0120
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0125
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0125
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0125
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0130
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0130
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0130
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0135
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0135
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0135
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0135
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0135
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0140
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0140
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0140
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0145
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0145
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0145
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0150
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0150
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0150
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0155
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0155
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0160
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0160
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0160
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0160
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0165
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0165
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0165
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0165
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0165
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0170
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0170
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0170
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0170
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0170
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0175
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0175
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0175
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0180
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0180
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0180
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0190
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0190
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0190
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0190
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0190
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0190
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0190
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0190
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0200
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0200
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0200
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0205
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0205
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0205
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0205
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0210
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0210
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0210
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0215
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0215
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0215
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0220
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0220
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0220
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0225
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0225
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0225
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0230
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0230
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0230
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0230
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0235
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0235
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0235
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0235
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0240
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0240
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0240
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0240
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0245
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0245
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0245
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0245
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0250
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0250
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0250
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0250
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0250
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0255
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0255
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0255
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0255
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0260
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0260
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0260
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0265
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0265

P.K. Oduro, et al.

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

671

[68]

[69]

[70]

[71]

[72]

73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

R. Lenin, P.G. Nagy, S. Alli, V.R. Rao, M.A. Clauss, U.B. Kompella, R. Gangaraju,
Critical role of endoplasmic reticulum stress in chronic endothelial activation-in-
duced visual deficits in tie2-tumor necrosis factor mice, J. Cell. Biochem. 119 (10)
(2018) 8460-8471.

T. Tsuboi, M. Maeda, T. Hayashi, Administration of L-arginine plus L-citrulline or
L-citrulline alone successfully retarded endothelial senescence, PLoS One 13 (2)
(2018) e0192252.

J.P. Cunha, F.S.N. Lizarte, P.C. Novais, D. Gattas, C.A. Carvalho, D.P. Tirapelli,
C.A. Molina, L.F. Tirapelli, S.J. Tucci, Expression profiles of eNOS, iNOS and
microRNA-27b in the corpus cavernosum of rats submitted to chronic alcoholism
and Diabetes mellitus, Acta Cir. Bras. 32 (1) (2017) 38-45.

S. Bellini, F. Barutta, R. Mastrocola, L. Imperatore, G. Bruno, G. Gruden, Heat
shock proteins in vascular diabetic complications: review and future perspective,
Int. J. Mol. Sci. 18 (12) (2017).

J. Luo, L. Huang, A. Wang, Y. Liu, R. Cai, W. Li, M.S. Zhou, Resistin-induced
endoplasmic reticulum stress contributes to the impairment of insulin signaling in
endothelium, Front. Pharmacol. 9 (2018) 1226.

N.T. Watt, M.C. Gage, P.A. Patel, H. Viswambharan, P. Sukumar, S. Galloway,
N.Y. Yuldasheva, H. Imrie, A.M.N. Walker, K.J. Griffin, N. Makava, A. Skromna,
K. Bridge, D.J. Beech, S. Schurmans, S.B. Wheatcroft, M.T. Kearney, R.M. Cubbon,
Endothelial SHIP2 suppresses Nox2 NADPH oxidase-dependent vascular oxidative
stress, endothelial dysfunction, and systemic insulin resistance, Diabetes 66 (11)
(2017) 2808-2821.

S. Czirok, L. Fang, T. Radovits, G. Szabo, G. Szenasi, L. Rosivall, B. Merkely,

G. Kokeny, Cinaciguat ameliorates glomerular damage by reducing ERK1/2 ac-
tivity and TGF-ss expression in type-1 diabetic rats, Sci. Rep. 7 (1) (2017) 11218.
F. Collin, Chemical basis of reactive oxygen species reactivity and involvement in
neurodegenerative diseases, Int. J. Mol. Sci. 20 (10) (2019).

Z. Liu, Y. Liu, Q. Xu, H. Peng, Y. Tang, T. Yang, Z. Yu, G. Cheng, G. Zhang, R. Shi,
Critical role of vascular peroxidase 1 in regulating endothelial nitric oxide syn-
thase, Redox Biol. 12 (2017) 226-232.

S.F. Ali, O.L. Woodman, Tocomin restores endothelium-dependent relaxation in
the diabetic rat aorta by increasing NO bioavailability and improving the ex-
pression of eNOS, Front. Physiol. 10 (2019) 186.

H.S. Fernandes, C.S.S. Teixeira, S.F. Sousa, N. Cerqueira, Formation of unstable
and very reactive chemical species catalyzed by metalloenzymes: a mechanistic
overview, Molecules (Basel, Switzerland) 24 (13) (2019).

M.H. Zou, Oxidation of the zinc-thiolate complex and uncoupling of endothelial
nitric oxide synthase by peroxynitrite, J. Clin. Invest. 109 (6) (2002) 817-826.
A. Lermant, C.E. Murdoch, Cysteine glutathionylation acts as a redox switch in
endothelial cells, Antioxidants (Basel, Switzerland) 8 (8) (2019).

M. Averna, R. Stifanese, R. De Tullio, M. Passalacqua, F. Salamino, S. Pontremoli,
E. Melloni, Functional role of HSP90 complexes with endothelial nitric-oxide
synthase (eNOS) and calpain on nitric oxide generation in endothelial cells, J. Biol.
Chem. 283 (43) (2008) 29069-29076.

S. Wang, Q. Peng, J. Zhang, L. Liu, Na+/H+ exchanger is required for hy-
perglycaemia-induced endothelial dysfunction via calcium-dependent calpain,
Cardiovasc. Res. 80 (2) (2008) 255-262.

Y. Dong, Y. Wu, M. Wu, S. Wang, J. Zhang, Z. Xie, J. Xu, P. Song, K. Wilson,

7. Zhao, T. Lyons, M.H. Zou, Activation of protease calpain by oxidized and gly-
cated LDL increases the degradation of endothelial nitric oxide synthase, J. Cell.
Mol. Med. 13 (9a) (2009) 2899-2910.

Y.A. Shamsaldeen, R. Ugur, C.D. Benham, L.A. Lione, Diabetic dyslipidaemia is
associated with alterations in eNOS, caveolin-1, and endothelial dysfunction in
streptozotocin treated rats, Diabetes Metab. Res. Rev. 34 (5) (2018) e2995.

B. Zhang, J.S. Naik, N.L. Jernigan, B.R. Walker, T.C. Resta, Reduced membrane
cholesterol after chronic hypoxia limits Orail-mediated pulmonary endothelial Ca
(2+) entry, Am. J. Physiol. Heart Circ. Physiol. 314 (2) (2018) H359-h369.
G.D. Bae, E.Y. Park, K. Kim, S.E. Jang, H.S. Jun, Y.S. Oh, Upregulation of caveolin-
1 and its colocalization with cytokine receptors contributes to beta cell apoptosis,
Sci. Rep. 9 (1) (2019) 16785.

N. Terasaka, M. Westerterp, J. Koetsveld, C. Fernandez-Hernando, L. Yvan-
Charvet, N. Wang, W.C. Sessa, A.R. Tall, ATP-binding cassette transporter G1 and
high-density lipoprotein promote endothelial NO synthesis through a decrease in
the interaction of caveolin-1 and endothelial NO synthase, Arterioscler. Thromb.
Vasc. Biol. 30 (11) (2010) 2219-2225.

K.H. Elcioglu, L. Kabasakal, S. Cetinel, G. Conturk, S.F. Sezen, G. Ayanoglu-Dulger,
Changes in caveolin-1 expression and vasoreactivity in the aorta and corpus ca-
vernosum of fructose and streptozotocin-induced diabetic rats, Eur. J. Pharmacol.
642 (1-3) (2010) 113-120.

E.N. Zeydanli, H.B. Kandilci, B. Turan, Doxycycline ameliorates vascular en-
dothelial and contractile dysfunction in the thoracic aorta of diabetic rats,
Cardiovasc. Toxicol. 11 (2) (2011) 134-147.

K. Mayurasakorn, N. Hasanah, T. Homma, M. Homma, I.K. Rangel, A.E. Garza,
J.R. Romero, G.K. Adler, G.H. Williams, L.H. Pojoga, Caloric restriction improves
glucose homeostasis, yet increases cardiometabolic risk in caveolin-1-deficient
mice, Metab. Clin. Exp. 83 (2018) 92-101.

X. Xie, Z. Zhang, X. Wang, Z. Luo, B. Lai, L. Xiao, N. Wang, Stachydrine protects
eNOS uncoupling and ameliorates endothelial dysfunction induced by homo-
cysteine, Mol. Med. (Cambridge, Mass) 24 (1) (2018) 10.

M. Takeda, T. Yamashita, M. Shinohara, N. Sasaki, T. Takaya, K. Nakajima,

N. Inoue, T. Masano, H. Tawa, S. Satomi-Kobayashi, R. Toh, D. Sugiyama,

K. Nishimura, M. Yokoyama, K. Hirata, S. Kawashima, Plasma tetra-
hydrobiopterin/dihydrobiopterin ratio: a possible marker of endothelial dysfunc-
tion, Circ. J. 73 (5) (2009) 955-962.

M.G. Boels, E.E. van Faassen, M.C. Avramut, J. van der Vlag, B.M. van den Berg,
T.J. Rabelink, Direct observation of enhanced nitric oxide in a murine model of
diabetic nephropathy, PLoS One 12 (1) (2017) e0170065.

S. Charles, V. Raj, M. Ramasamy, K. Ilango, J. Arockiaraj, S. Murugesan, K. Mala,
Pharmacological inhibition of guanosine triphosphate cyclohydrolasel elevates

19

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Pharmacological Research 158 (2020) 104893

tyrosine phosphorylation of caveolinl and cellular senescence, Eur. J. Pharmacol.
848 (2019) 1-10.

I. Lee, S. Kim, H. Nagar, S.J. Choi, B.H. Jeon, S. Piao, C.S. Kim, CR6-interacting
factor 1 deficiency reduces endothelial nitric oxide synthase activity by inhibiting
biosynthesis of tetrahydrobiopterin, Sci. Rep. 10 (1) (2020) 842.

J.A. A.-P.X. Herrera, L.D. Valle-Mondragon, C.G. Garcia, A.F. Rubio-Guerra,
Association between bh4/bh2 ratio and Albuminuria in Hypertensive Type -2
Diabetic patients, J. Clin. Nephrol. Ren. Care 1 (60-63) (2017) 4.

Z. Zhang, C. Lu, Y. Meng, Q. Wang, X. Guan, J. Yu, Effects of tetrahydrobiopterin
combined with nebivolol on cardiac diastolic function in SHRs, Biol. Pharm. Bull.
42 (7) (2019) 1102-1111.

A.C. Keller, L.A. Knaub, R.L. Scalzo, S.E. Hull, A.E. Johnston, L.A. Walker,

J.E.B. Reusch, Sepiapterin improves vascular reactivity and insulin-stimulated
glucose in wistar rats, Oxid. Med. Cell. Longev. 2018 (2018) 7363485.

S. Chuaiphichai, M.J. Crabtree, E. McNeill, A.B. Hale, L. Trelfa, K.M. Channon,
G. Douglas, A key role for tetrahydrobiopterin-dependent endothelial NOS reg-
ulation in resistance arteries: studies in endothelial cell tetrahydrobiopterin-defi-
cient mice, Br. J. Pharmacol. 174 (8) (2017) 657-671.

S. Cai, J. Khoo, K.M. Channon, Augmented BH4 by gene transfer restores nitric
oxide synthase function in hyperglycemic human endothelial cells, Cardiovasc.
Res. 65 (4) (2005) 823-831.

C.J. Meininger, S. Cai, J.L. Parker, K.M. Channon, K.A. Kelly, E.J. Becker,

M.K. Wood, L.A. Wade, G. Wu, GTP cyclohydrolase I gene transfer reverses tet-
rahydrobiopterin deficiency and increases nitric oxide synthesis in endothelial
cells and isolated vessels from diabetic rats, FASEB J. 18 (15) (2004) 1900-1902.
S. Wang, J. Xu, P. Song, B. Viollet, M.H. Zou, In vivo activation of AMP-activated
protein kinase attenuates diabetes-enhanced degradation of GTP cyclohydrolase I,
Diabetes 58 (8) (2009) 1893-1901.

S.L. Elshaer, T. Lemtalsi, A.B. El-Remessy, High glucose-mediated tyrosine nitra-
tion of PI3-kinase: a molecular switch of survival and apoptosis in endothelial
cells, Antioxidants (Basel, Switzerland) 7 (4) (2018).

L. Sun, K. Bian, The nuclear export and ubiquitin-proteasome-Dependent de-
gradation of PPARgamma induced by angiotensin II, Int. J. Biol. Sci. 15 (6) (2019)
1215-1224.

C. Zgheib, M.M. Hodges, J. Hu, K.W. Liechty, J. Xu, Long non-coding RNA Lethe
regulates hyperglycemia-induced reactive oxygen species production in macro-
phages, PLoS One 12 (5) (2017) e0177453.

W. Chen, L.J. Druhan, C.A. Chen, C. Hemann, Y.R. Chen, V. Berka, A.L. Tsai,
J.L. Zweier, Peroxynitrite induces destruction of the tetrahydrobiopterin and heme
in endothelial nitric oxide synthase: transition from reversible to irreversible en-
zyme inhibition, Biochemistry 49 (14) (2010) 3129-3137.

U. Hink, M. Oelze, P. Kolb, M. Bachschmid, M.H. Zou, A. Daiber, H. Mollnau,
M. August, S. Baldus, N. Tsilimingas, U. Walter, V. Ullrich, T. Munzel, Role for
peroxynitrite in the inhibition of prostacyclin synthase in nitrate tolerance, J. Am.
Coll. Cardiol. 42 (10) (2003) 1826-1834.

H. Nie, J.L. Wu, M. Zhang, J. Xu, M.H. Zou, Endothelial nitric oxide synthase-
dependent tyrosine nitration of prostacyclin synthase in diabetes in vivo, Diabetes
55 (11) (2006) 3133-3141.

M. Zhang, P. Song, J. Xu, M.H. Zou, Activation of NAD(P)H oxidases by throm-
boxane A2 receptor uncouples endothelial nitric oxide synthase, Arterioscler.
Thromb. Vasc. Biol. 31 (1) (2011) 125-132.

P. Weidig, D. McMaster, U. Bayraktutan, High glucose mediates pro-oxidant and
antioxidant enzyme activities in coronary endothelial cells, Diabetes Obes. Metab.
6 (6) (2004) 432-441.

H. Ding, M. Aljofan, C.R. Triggle, Oxidative stress and increased eNOS and NADPH
oxidase expression in mouse microvessel endothelial cells, J. Cell. Physiol. 212 (3)
(2007) 682-689.

M. Kitada, S. Kume, N. Imaizumi, D. Koya, Resveratrol improves oxidative stress
and protects against diabetic nephropathy through normalization of Mn-SOD
dysfunction in AMPK/SIRT1-independent pathway, Diabetes 60 (2) (2011)
634-643.

T. Kawakami, N. Puri, K. Sodhi, L. Bellner, T. Takahashi, K. Morita, R. Rezzani,
T.D. Oury, N.G. Abraham, Reciprocal effects of oxidative stress on heme oxygenase
expression and activity contributes to reno-vascular abnormalities in EC-SOD
knockout mice, Int. J. Hypertens. 2012 (2012) 740203.

Y. Fan, Y. Qiao, J. Huang, M. Tang, Protective effects of Panax notoginseng sa-
ponins against high glucose-induced oxidative injury in rat retinal capillary en-
dothelial cells, Evid. Complement. Alternat. Med. 2016 (2016) 5326382.

P. Lewis, N. Stefanovic, J. Pete, A.C. Calkin, S. Giunti, V. Thallas-Bonke,

K.A. Jandeleit-Dahm, T.J. Allen, I. Kola, M.E. Cooper, J.B. de Haan, Lack of the
antioxidant enzyme glutathione peroxidase-1 accelerates atherosclerosis in dia-
betic apolipoprotein E-deficient mice, Circulation 115 (16) (2007) 2178-2187.
P. Hemling, D. Zibrova, J. Strutz, Y. Sohrabi, G. Desoye, H. Schulten, H. Findeisen,
R. Heller, R. Godfrey, J. Waltenberger, Hyperglycemia-induced endothelial dys-
function is alleviated by thioredoxin mimetic peptides through the restoration of
VEGFR-2-induced responses and improved cell survival, Int. J. Cardiol. (2019).
D. Dong, N. Fu, P. Yang, MiR-17 downregulation by high glucose stabilizes
thioredoxin-interacting protein and removes thioredoxin inhibition on ASK1
leading to apoptosis, Toxicol. Sci. 150 (1) (2016) 84-96.

X. Li, Y. Rong, M. Zhang, X.L. Wang, S.A. LeMaire, J.S. Coselli, Y. Zhang,

Y.H. Shen, Up-regulation of thioredoxin interacting protein (Txnip) by p38 MAPK
and FOXO1 contributes to the impaired thioredoxin activity and increased ROS in
glucose-treated endothelial cells, Biochem. Biophys. Res. Commun. 381 (4) (2009)
660-665.

H.S. Yoon, C.M. Park, Alleviated oxidative damage by Taraxacum officinale
through the induction of Nrf2-MAPK/PI3K mediated HO-1 activation in murine
macrophages RAW 264.7 cell line, Biomolecules 9 (7) (2019).

X. Wang, R. Li, A. Zacharek, J. Landschoot-Ward, M. Chopp, J. Chen, X. Cui, ApoA-
I mimetic peptide reduces vascular and white matter damage after stroke in Type-
2 diabetic mice, Front. Neurosci. 13 (2019) 1127.


http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0270
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0270
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0270
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0270
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0275
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0275
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0275
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0280
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0280
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0280
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0280
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0285
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0285
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0285
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0290
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0290
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0290
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0295
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0295
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0295
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0295
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0295
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0295
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0300
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0300
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0300
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0305
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0305
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0310
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0310
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0310
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0315
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0315
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0315
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0320
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0320
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0320
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0325
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0325
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0330
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0330
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0335
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0335
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0335
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0335
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0340
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0340
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0340
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0345
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0345
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0345
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0345
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0350
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0350
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0350
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0355
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0355
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0355
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0360
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0360
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0360
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0365
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0365
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0365
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0365
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0365
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0370
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0370
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0370
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0370
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0375
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0375
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0375
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0380
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0380
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0380
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0380
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0385
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0385
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0385
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0390
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0390
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0390
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0390
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0390
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0395
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0395
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0395
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0400
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0400
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0400
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0400
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0405
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0405
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0405
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0410
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0410
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0410
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0415
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0415
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0415
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0420
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0420
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0420
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0425
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0425
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0425
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0425
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0430
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0430
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0430
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0435
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0435
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0435
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0435
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0440
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0440
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0440
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0445
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0445
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0445
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0450
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0450
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0450
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0455
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0455
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0455
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0460
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0460
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0460
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0460
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0465
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0465
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0465
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0465
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0470
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0470
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0470
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0475
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0475
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0475
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0480
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0480
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0480
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0485
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0485
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0485
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0490
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0490
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0490
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0490
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0495
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0495
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0495
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0495
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0500
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0500
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0500
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0505
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0505
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0505
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0505
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0510
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0510
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0510
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0510
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0515
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0515
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0515
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0520
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0520
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0520
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0520
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0520
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0525
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0525
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0525
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0530
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0530
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0530

P.K. Oduro, et al.

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

7. Ungvari, Z. Bagi, A. Feher, F.A. Recchia, W.E. Sonntag, K. Pearson, R. de Cabo,
A. Csiszar, Resveratrol confers endothelial protection via activation of the anti-
oxidant transcription factor Nrf2, Am. J. Physiol. Heart Circ. Physiol. 299 (1)
(2010) H18-24.

Z. Ungvari, L. Bailey-Downs, T. Gautam, R. Jimenez, G. Losonczy, C. Zhang,

P. Ballabh, F.A. Recchia, D.C. Wilkerson, W.E. Sonntag, K. Pearson, R. de Cabo,
A. Csiszar, Adaptive induction of NF-E2-related factor-2-driven antioxidant genes
in endothelial cells in response to hyperglycemia, Am. J. Physiol. Heart Circ.
Physiol. 300 (4) (2011) H1133-40.

N. Zippel, A.E. Loot, H. Stingl, V. Randriamboavonjy, I. Fleming, B. Fisslthaler,
Endothelial AMP-Activated kinase alphal phosphorylates eNOS on Thr495 and
decreases endothelial NO formation, Int. J. Mol. Sci. 19 (9) (2018).

J.M. Cacicedo, M.S. Gauthier, N.K. Lebrasseur, R. Jasuja, N.B. Ruderman, Y. Ido,
Acute exercise activates AMPK and eNOS in the mouse aorta, Am. J. Physiol. Heart
Circ. Physiol. 301 (4) (2011) H1255-65.

P.W. Cheng, W.Y. Ho, Y.T. Su, P.J. Lu, B.Z. Chen, W.H. Cheng, W.H. Lu, G.C. Sun,
T.C. Yeh, M. Hsiao, C.J. Tseng, Resveratrol decreases fructose-induced oxidative
stress, mediated by NADPH oxidase via an AMPK-dependent mechanism, Br. J.
Pharmacol. 171 (11) (2014) 2739-2750.

S. Wang, M. Zhang, B. Liang, J. Xu, Z. Xie, C. Liu, B. Viollet, D. Yan, M.H. Zou,
AMPKalpha2 deletion causes aberrant expression and activation of NAD(P)H
oxidase and consequent endothelial dysfunction in vivo: role of 26S proteasomes,
Circ. Res. 106 (6) (2010) 1117-1128.

S. Schuhmacher, M. Foretz, M. Knorr, T. Jansen, M. Hortmann, P. Wenzel,

M. Oelze, A.L. Kleschyov, A. Daiber, J.F. Keaney Jr., G. Wegener, K. Lackner,

T. Munzel, B. Viollet, E. Schulz, alphal AMP-activated protein kinase preserves
endothelial function during chronic angiotensin II treatment by limiting Nox2
upregulation, Arterioscler. Thromb. Vasc. Biol. 31 (3) (2011) 560-566.

D. Kukidome, T. Nishikawa, K. Sonoda, K. Imoto, K. Fujisawa, M. Yano,

H. Motoshima, T. Taguchi, T. Matsumura, E. Araki, Activation of AMP-activated
protein kinase reduces hyperglycemia-induced mitochondrial reactive oxygen
species production and promotes mitochondrial biogenesis in human umbilical
vein endothelial cells, Diabetes 55 (1) (2006) 120-127.

X.N. Li, J. Song, L. Zhang, S.A. LeMaire, X. Hou, C. Zhang, J.S. Coselli, L. Chen,
X.L. Wang, Y. Zhang, Y.H. Shen, Activation of the AMPK-FOXO3 pathway reduces
fatty acid-induced increase in intracellular reactive oxygen species by upregu-
lating thioredoxin, Diabetes 58 (10) (2009) 2246-2257.

S.L. Colombo, S. Moncada, AMPKalphal regulates the antioxidant status of vas-
cular endothelial cells, Biochem. J. 421 (2) (2009) 163-169.

T. Matsumoto, E. Noguchi, K. Ishida, T. Kobayashi, N. Yamada, K. Kamata,
Metformin normalizes endothelial function by suppressing vasoconstrictor pros-
tanoids in mesenteric arteries from OLETF rats, a model of type 2 diabetes, Am. J.
Physiol. Heart Circ. Physiol. 295 (3) (2008) H1165-H1176.

S. Bang, S. Kim, M.J. Dailey, Y. Chen, T.H. Moran, S.H. Snyder, S.F. Kim, AMP-
activated protein kinase is physiologically regulated by inositol polyphosphate
multikinase, Proc. Natl. Acad. Sci. U. S. A. 109 (2) (2012) 616-620.

X.R. Wang, M.W. Zhang, D.D. Chen, Y. Zhang, A.F. Chen, AMP-activated protein
kinase rescues the angiogenic functions of endothelial progenitor cells via man-
ganese superoxide dismutase induction in type 1 diabetes, Am. J. Physiol.
Endocrinol. Metab. 300 (6) (2011) E1135-45.

Y. Wu, S. Lee, S. Bobadilla, S.Z. Duan, X. Liu, High glucose-induced p53 phos-
phorylation contributes to impairment of endothelial antioxidant system, Biochim.
Biophys. Acta Mol. Basis Dis. 1863 (9) (2017) 2355-2362.

J.W. Yu, Y.P. Deng, X. Han, G.F. Ren, J. Cai, G.J. Jiang, Metformin improves the
angiogenic functions of endothelial progenitor cells via activating AMPK/eNOS
pathway in diabetic mice, Cardiovasc. Diabetol. 15 (2016) 88.

Y. Wang, Y. Huang, K.S. Lam, Y. Li, W.T. Wong, H. Ye, C.W. Lau, P.M. Vanhoutte,
A. Xu, Berberine prevents hyperglycemia-induced endothelial injury and enhances
vasodilatation via adenosine monophosphate-activated protein kinase and en-
dothelial nitric oxide synthase, Cardiovasc. Res. 82 (3) (2009) 484-492.

S.J. Park, F. Ahmad, A. Philp, K. Baar, T. Williams, H. Luo, H. Ke, H. Rehmann,
R. Taussig, A.L. Brown, M.K. Kim, M.A. Beaven, A.B. Burgin, V. Manganiello,
J.H. Chung, Resveratrol ameliorates aging-related metabolic phenotypes by in-
hibiting cAMP phosphodiesterases, Cell 148 (3) (2012) 421-433.

Q. Xu, X. Hao, Q. Yang, L. Si, Resveratrol prevents hyperglycemia-induced en-
dothelial dysfunction via activation of adenosine monophosphate-activated pro-
tein kinase, Biochem. Biophys. Res. Commun. 388 (2) (2009) 389-394.

A. Tomizawa, Y. Hattori, T. Inoue, S. Hattori, K. Kasai, Fenofibrate suppresses
microvascular inflammation and apoptosis through adenosine monophosphate-
activated protein kinase activation, Metab. Clin. Exp. 60 (4) (2011) 513-522.
F.Y. Li, K.S. Lam, H.F. Tse, C. Chen, Y. Wang, P.M. Vanhoutte, A. Xu, Endothelium-
selective activation of AMP-activated protein kinase prevents diabetes mellitus-
induced impairment in vascular function and reendothelialization via induction of
heme oxygenase-1 in mice, Circulation 126 (10) (2012) 1267-1277.

B. Westermann, Mitochondrial fusion and fission in cell life and death, Nature
reviews, Mol. Cell Biol. 11 (12) (2010) 872-884.

L. Ren, F. Han, L. Xuan, Y. Lv, L. Gong, Y. Yan, Z. Wan, L. Guo, H. Liu, B. Xu,
Y. Sun, S. Yang, L. Liu, Clusterin ameliorates endothelial dysfunction in diabetes
by suppressing mitochondrial fragmentation, Free Radic. Biol. Med. 145 (2019)
357-373.

A. Makino, B.T. Scott, W.H. Dillmann, Mitochondrial fragmentation and super-
oxide anion production in coronary endothelial cells from a mouse model of type 1
diabetes, Diabetologia 53 (8) (2010) 1783-1794.

J. Li, S. Donath, Y. Li, D. Qin, B.S. Prabhakar, P. Li, miR-30 regulates mitochon-
drial fission through targeting p53 and the dynamin-related protein-1 pathway,
PLoS Genet. 6 (1) (2010) e1000795.

X. Qi, M.H. Disatnik, N. Shen, R.A. Sobel, D. Mochly-Rosen, Aberrant mitochon-
drial fission in neurons induced by protein kinase C{delta} under oxidative stress
conditions in vivo, Mol. Biol. Cell 22 (2) (2011) 256-265.

W. Wang, Y. Wang, J. Long, J. Wang, S.B. Haudek, P. Overbeek, B.H. Chang,

20

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

Pharmacological Research 158 (2020) 104893

P.T. Schumacker, F.R. Danesh, Mitochondrial fission triggered by hyperglycemia is
mediated by ROCK1 activation in podocytes and endothelial cells, Cell Metab. 15
(2) (2012) 186~200.

Q. Wang, M. Zhang, G. Torres, S. Wu, C. Ouyang, Z. Xie, M.H. Zou, Metformin
suppresses diabetes-accelerated atherosclerosis via the inhibition of Drpl-medi-
ated mitochondrial fission, Diabetes 66 (1) (2017) 193-205.

Y.M. Kim, S.W. Youn, V. Sudhahar, A. Das, R. Chandhri, H. Cuervo Grajal,

J. Kweon, S. Leanhart, L. He, P.T. Toth, J. Kitajewski, J. Rehman, Y. Yoon, J. Cho,
T. Fukai, M. Ushio-Fukai, Redox regulation of mitochondrial fission protein Drpl
by protein disulfide isomerase limits endothelial senescence, Cell Rep. 23 (12)
(2018) 3565-3578.

S.M. Shenouda, M.E. Widlansky, K. Chen, G. Xu, M. Holbrook, C.E. Tabit,

N.M. Hamburg, A.A. Frame, T.L. Caiano, M.A. Kluge, M.A. Duess, A. Levit, B. Kim,
M.L. Hartman, L. Joseph, O.S. Shirihai, J.A. Vita, Altered mitochondrial dynamics
contributes to endothelial dysfunction in diabetes mellitus, Circulation 124 (4)
(2011) 444-453.

J.J. Lugus, G.A. Ngoh, M.M. Bachschmid, K. Walsh, Mitofusins are required for
angiogenic function and modulate different signaling pathways in cultured en-
dothelial cells, J. Mol. Cell. Cardiol. 51 (6) (2011) 885-893.

Y. Zeng, Q. Pan, X. Wang, D. Li, Y. Lin, F. Man, F. Xiao, L. Guo, Impaired mi-
tochondrial fusion and oxidative phosphorylation triggered by high glucose is
mediated by Tom22 in endothelial cells, Oxid. Med. Cell. Longev. 2019 (2019)
4508762.

C.X. Shi, M.X. Zhao, X.D. Shu, X.Q. Xiong, J.J. Wang, X.Y. Gao, Q. Chen, Y.H. Li,
Y.M. Kang, G.Q. Zhu, Beta-aminoisobutyric acid attenuates hepatic endoplasmic
reticulum stress and glucose/lipid metabolic disturbance in mice with type 2
diabetes, Sci. Rep. 6 (2016) 21924.

M. Sheikh-Alj, S. Sultan, A.R. Alamir, M.J. Haas, A.D. Mooradian, Hyperglycemia-
induced endoplasmic reticulum stress in endothelial cells, Nutrition (Burbank, Los
Angeles County, Calif.) 26 (11-12) (2010) 1146-1150.

B. Schisano, A.L. Harte, K. Lois, P. Saravanan, N. Al-Daghri, O. Al-Attas,

L.B. Knudsen, P.G. McTernan, A. Ceriello, G. Tripathi, GLP-1 analogue, Liraglutide
protects human umbilical vein endothelial cells against high glucose induced en-
doplasmic reticulum stress, Regul. Pept. 174 (1-3) (2012) 46-52.

R. Chaube, V.M. Kallakunta, M.G. Espey, R. McLarty, A. Faccenda,

S. Ananvoranich, B. Mutus, Endoplasmic reticulum stress-mediated inhibition of
NSMase2 elevates plasma membrane cholesterol and attenuates NO production in
endothelial cells, Biochim. Biophys. Acta 1821 (2) (2012) 313-323.

P. Guha, E. Kaptan, P. Gade, D.V. Kalvakolanu, H. Ahmed, Tunicamycin induced
endoplasmic reticulum stress promotes apoptosis of prostate cancer cells by acti-
vating mTORC1, Oncotarget 8 (40) (2017) 68191-68207.

L. Zeng, A. Zampetaki, A. Margariti, A.E. Pepe, S. Alam, D. Martin, Q. Xiao,

W. Wang, Z.G. Jin, G. Cockerill, K. Mori, Y.S. Li, Y. Hu, S. Chien, Q. Xu, Sustained
activation of XBP1 splicing leads to endothelial apoptosis and atherosclerosis
development in response to disturbed flow, Proc. Natl. Acad. Sci. U. S. A. 106 (20)
(2009) 8326-8331.

R. Lenin, P.G. Nagy, K.A. Jha, R. Gangaraju, GRP78 translocation to the cell
surface and O-GlcNAcylation of VE-Cadherin contribute to ER stress-mediated
endothelial permeability, Sci. Rep. 9 (1) (2019) 10783.

T. Adachi, M. Teramachi, H. Yasuda, T. Kamiya, H. Hara, Contribution of p38
MAPK, NF-kappaB and glucocorticoid signaling pathways to ER stress-induced
increase in retinal endothelial permeability, Arch. Biochem. Biophys. 520 (1)
(2012) 30-35.

H. Yang, R. Liu, Z. Cui, Z.Q. Chen, S. Yan, H. Pei, B. Li, Functional characterization
of 58-kilodalton inhibitor of protein kinase in protecting against diabetic retino-
pathy via the endoplasmic reticulum stress pathway, Mol. Vis. 17 (2011) 78-84.
M. Mohanan Nair, R. Zhao, X. Xie, G.X. Shen, Impact of glycated LDL on en-
dothelial nitric oxide synthase in vascular endothelial cells: involvement of
transmembrane signaling and endoplasmic reticulum stress, J. Diabetes
Complicat. 30 (3) (2016) 391-397.

P.S. Gargalovic, N.M. Gharavi, M.J. Clark, J. Pagnon, W.P. Yang, A. He, A. Truong,
T. Baruch-Oren, J.A. Berliner, T.G. Kirchgessner, A.J. Lusis, The unfolded protein
response is an important regulator of inflammatory genes in endothelial cells,
Arterioscler. Thromb. Vasc. Biol. 26 (11) (2006) 2490-2496.

J. Li, J.J. Wang, S.X. Zhang, Preconditioning with endoplasmic reticulum stress
mitigates retinal endothelial inflammation via activation of X-box binding protein
1, J. Biol. Chem. 286 (6) (2011) 4912-4921.

J. Yuan, M. Chen, Q. Xu, J. Liang, R. Chen, Y. Xiao, M. Fang, L. Chen, Effect of the
diabetic environment on the expression of MiRNAs in endothelial cells: Mir-149-
5p restoration ameliorates the high glucose-induced expression of TNF-alpha and
ER stress markers, Cell. Physiol. Biochem. 43 (1) (2017) 120-135.

P.A. Thiebaut, E. Delile, D. Coquerel, J.M. Brunel, S. Renet, F. Tamion, V. Richard,
Protein tyrosine phosphatase 1B regulates endothelial endoplasmic reticulum
stress; role in endothelial dysfunction, Vascul. Pharmacol. 109 (2018) 36-44.

Y. Dong, M. Zhang, S. Wang, B. Liang, Z. Zhao, C. Liu, M. Wu, H.C. Choi,

T.J. Lyons, M.H. Zou, Activation of AMP-activated protein kinase inhibits oxidized
LDL-triggered endoplasmic reticulum stress in vivo, Diabetes 59 (6) (2010)
1386-1396.

J.M. Timmins, L. Ozcan, T.A. Seimon, G. Li, C. Malagelada, J. Backs, T. Backs,
R. Bassel-Duby, E.N. Olson, M.E. Anderson, I. Tabas, Calcium/calmodulin-de-
pendent protein kinase II links ER stress with Fas and mitochondrial apoptosis
pathways, J. Clin. Invest. 119 (10) (2009) 2925-2941.

E. Matsushita, N. Asai, A. Enomoto, Y. Kawamoto, T. Kato, S. Mii, K. Maeda,

R. Shibata, S. Hattori, M. Hagikura, K. Takahashi, M. Sokabe, Y. Murakumo,

T. Murohara, M. Takahashi, Protective role of Gipie, a Girdin family protein, in
endoplasmic reticulum stress responses in endothelial cells, Mol. Biol. Cell 22 (6)
(2011) 736-747.

W. Yu, X. Liu, L. Feng, H. Yang, W. Yu, T. Feng, S. Wang, J. Wang, N. Liu,
Glycation of paraoxonase 1 by high glucose instigates endoplasmic reticulum
stress to induce endothelial dysfunction in vivo, Sci. Rep. 7 (2017) 45827.


http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0535
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0535
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0535
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0535
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0540
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0540
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0540
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0540
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0540
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0545
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0545
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0545
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0550
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0550
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0550
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0555
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0555
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0555
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0555
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0560
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0560
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0560
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0560
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0565
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0565
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0565
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0565
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0565
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0570
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0570
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0570
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0570
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0570
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0575
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0575
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0575
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0575
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0580
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0580
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0585
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0585
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0585
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0585
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0590
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0590
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0590
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0595
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0595
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0595
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0595
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0600
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0600
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0600
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0605
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0605
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0605
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0610
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0610
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0610
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0610
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0615
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0615
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0615
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0615
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0620
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0620
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0620
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0625
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0625
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0625
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0630
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0630
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0630
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0630
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0635
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0635
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0640
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0640
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0640
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0640
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0645
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0645
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0645
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0650
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0650
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0650
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0655
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0655
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0655
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0660
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0660
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0660
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0660
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0665
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0665
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0665
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0670
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0670
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0670
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0670
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0670
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0675
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0675
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0675
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0675
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0675
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0680
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0680
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0680
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0685
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0685
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0685
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0685
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0690
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0690
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0690
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0690
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0695
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0695
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0695
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0700
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0700
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0700
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0700
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0705
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0705
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0705
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0705
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0710
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0710
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0710
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0715
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0715
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0715
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0715
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0715
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0720
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0720
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0720
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0725
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0725
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0725
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0725
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0730
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0730
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0730
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0735
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0735
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0735
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0735
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0740
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0740
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0740
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0740
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0745
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0745
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0745
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0750
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0750
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0750
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0750
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0755
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0755
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0755
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0760
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0760
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0760
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0760
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0765
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0765
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0765
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0765
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0770
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0770
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0770
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0770
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0770
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0775
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0775
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0775

P.K. Oduro, et al.

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

M. Kassan, A. Vikram, Q. Li, Y.R. Kim, S. Kumar, M. Gabani, J. Liu, J.S. Jacobs,
K. Irani, MicroRNA-204 promotes vascular endoplasmic reticulum stress and en-
dothelial dysfunction by targeting Sirtuinl, Sci. Rep. 7 (1) (2017) 9308.

E. Vladykovskaya, S.D. Sithu, P. Haberzettl, N.S. Wickramasinghe, M.L. Merchant,
B.G. Hill, J. McCracken, A. Agarwal, S. Dougherty, S.A. Gordon, D.A. Schuschke,
O.A. Barski, T. O’Toole, S.E. D’Souza, A. Bhatnagar, S. Srivastava, Lipid perox-
idation product 4-hydroxy-trans-2-nonenal causes endothelial activation by in-
ducing endoplasmic reticulum stress, J. Biol. Chem. 287 (14) (2012)
11398-11409.

Y.Y. Choi, S. Kim, J.H. Han, D.H. Nam, K.M. Park, S.Y. Kim, C.H. Woo, CHOP
deficiency inhibits methylglyoxal-induced endothelial dysfunction, Biochem.
Biophys. Res. Commun. 480 (3) (2016) 362-368.

Y. Dong, M. Zhang, B. Liang, Z. Xie, Z. Zhao, S. Asfa, H.C. Choi, M.H. Zou,
Reduction of AMP-activated protein kinase alpha2 increases endoplasmic re-
ticulum stress and atherosclerosis in vivo, Circulation 121 (6) (2010) 792-803.
W.S. Cheang, X.Y. Tian, W.T. Wong, C.W. Lau, S.S. Lee, Z.Y. Chen, X. Yao,

N. Wang, Y. Huang, Metformin protects endothelial function in diet-induced obese
mice by inhibition of endoplasmic reticulum stress through 5’ adenosine mono-
phosphate-activated protein kinase-peroxisome proliferator-activated receptor
delta pathway, Arterioscler. Thromb. Vasc. Biol. 34 (4) (2014) 830-836.

T.B. Koenen, R. Stienstra, L.J. van Tits, J. de Graaf, A.F. Stalenhoef, L.A. Joosten,
C.J. Tack, M.G. Netea, Hyperglycemia activates caspase-1 and TXNIP-mediated IL-
1beta transcription in human adipose tissue, Diabetes 60 (2) (2011) 517-524.
H. Wen, D. Gris, Y. Lei, S. Jha, L. Zhang, M.T. Huang, W.J. Brickey, J.P. Ting, Fatty
acid-induced NLRP3-ASC inflammasome activation interferes with insulin sig-
naling, Nat. Immunol. 12 (5) (2011) 408-415.

X. Chen, X. Guo, Q. Ge, Y. Zhao, H. Mu, J. Zhang, ER stress activates the NLRP3
inflammasome: a novel mechanism of atherosclerosis, Oxid. Med. Cell. Longev.
2019 (2019) 3462530.

S. Reddy, L. Krogvold, C. Martin, R. Holland, J. Choi, H. Woo, F. Wu, K. Dahl-
Jorgensen, Distribution of IL-1beta immunoreactive cells in pancreatic biopsies
from living volunteers with new-onset type 1 diabetes: comparison with donors
without diabetes and with longer duration of disease, Diabetologia 61 (6) (2018)
1362-1373.

J.H. Xing, R. Li, Y.Q. Gao, M.Y. Wang, Y.Z. Liu, J. Hong, J.Z. Dong, H.P. Gu, L. Li,
NLRP3 inflammasome mediate palmitate-induced endothelial dysfunction, Life
Sci. 239 (2019) 116882.

S.S. Barbieri, L. Ruggiero, E. Tremoli, B.B. Weksler, Suppressing PTEN activity by
tobacco smoke plus interleukin-1beta modulates dissociation of VE-cadherin/beta-
catenin complexes in endothelium, Arterioscler. Thromb. Vasc. Biol. 28 (4) (2008)
732-738.

R.R. Rigor, R.S. Beard Jr., O.P. Litovka, S.Y. Yuan, Interleukin-1beta-induced
barrier dysfunction is signaled through PKC-theta in human brain microvascular
endothelium, Am. J. Physiol. Cell Physiol. (2012).

J.G. Wang, J.C. Williams, B.K. Davis, K. Jacobson, C.M. Doerschuk, J.P. Ting,

N. Mackman, Monocytic microparticles activate endothelial cells in an IL-1beta-
dependent manner, Blood 118 (8) (2011) 2366-2374.

N. Gerdes, G.K. Sukhova, P. Libby, R.S. Reynolds, J.L. Young, U. Schonbeck,
Expression of interleukin (IL)-18 and functional IL-18 receptor on human vascular
endothelial cells, smooth muscle cells, and macrophages: implications for ather-
ogenesis, J. Exp. Med. 195 (2) (2002) 245-257.

J.M. Kahlenberg, S.G. Thacker, C.C. Berthier, C.D. Cohen, M. Kretzler,

M.J. Kaplan, Inflammasome activation of IL-18 results in endothelial progenitor
cell dysfunction in systemic lupus erythematosus, J. Immunol. 187 (11) (2011)
6143-6156.

Y. Zhang, Y. Chen, Y. Zhang, P.L. Li, X. Li, Contribution of cathepsin B-dependent
Nlrp3 inflammasome activation to nicotine-induced endothelial barrier dysfunc-
tion, Eur. J. Pharmacol. 865 (2019) 172795.

Y. Qi, X. Du, X. Yao, Y. Zhao, Vildagliptin inhibits high free fatty acid (FFA)-
induced NLRP3 inflammasome activation in endothelial cells, Artif. Cells
Nanomed. Biotechnol. 47 (1) (2019) 1067-1074.

H.S. Kim, V. Montana, H.J. Jang, V. Parpura, J.A. Kim, Epigallocatechin gallate
(EGCG) stimulates autophagy in vascular endothelial cells: a potential role for
reducing lipid accumulation, J. Biol. Chem. 288 (31) (2013) 22693-22705.

L. Zhang, L. Cui, G. Zhou, H. Jing, Y. Guo, W. Sun, Pterostilbene, a natural small-
molecular compound, promotes cytoprotective macroautophagy in vascular en-
dothelial cells, J. Nutr. Biochem. 24 (5) (2013) 903-911.

C. Li, L. Yang, H. Wu, M. Dai, Paeonol inhibits oxidized low-density lipoprotein-
induced vascular endothelial cells autophagy by upregulating the expression of
miRNA-30a, Front. Pharmacol. 9 (2018) 95.

H. Wu, Y. Wang, W. Li, H. Chen, L. Du, D. Liu, X. Wang, T. Xu, L. Liu, Q. Chen,
Deficiency of mitophagy receptor FUNDCI1 impairs mitochondrial quality and
aggravates dietary-induced obesity and metabolic syndrome, Autophagy 15 (11)
(2019) 1882-1898.

Q. Wang, B. Liang, N.A. Shirwany, M.H. Zou, 2-Deoxy-D-glucose treatment of
endothelial cells induces autophagy by reactive oxygen species-mediated activa-
tion of the AMP-activated protein kinase, PLoS One 6 (2) (2011) e17234.

K.A. Weikel, J.M. Cacicedo, N.B. Ruderman, Y. Ido, Glucose and palmitate un-
couple AMPK from autophagy in human aortic endothelial cells, American journal
of physiology, Cell Physiol. 308 (3) (2015) C249-63.

C. Huang, Y. Zhang, D.J. Kelly, C.Y. Tan, A. Gill, D. Cheng, F. Braet, J.S. Park,
C.M. Sue, C.A. Pollock, X.M. Chen, Thioredoxin interacting protein (TXNIP) reg-
ulates tubular autophagy and mitophagy in diabetic nephropathy through the
mTOR signaling pathway, Sci. Rep. 6 (2016) 29196.

Y. Zhu, S. Massen, M. Terenzio, V. Lang, S. Chen-Lindner, R. Eils, I. Novak, L. Dikic,
A. Hamacher-Brady, N.R. Brady, Modulation of serines 17 and 24 in the LC3-
interacting region of Bnip3 determines pro-survival mitophagy versus apoptosis, J.
Biol. Chem. 288 (2) (2013) 1099-1113.

W.X. Ding, H.M. Ni, M. Li, Y. Liao, X. Chen, D.B. Stolz, G.W. Dorn 2nd, X.M. Yin,
Nix is critical to two distinct phases of mitophagy, reactive oxygen species-

21

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

Pharmacological Research 158 (2020) 104893

mediated autophagy induction and Parkin-ubiquitin-p62-mediated mitochondrial
priming, J. Biol. Chem. 285 (36) (2010) 27879-27890.

Y. Lee, H.Y. Lee, R.A. Hanna, A.B. Gustafsson, Mitochondrial autophagy by Bnip3
involves Drp1-mediated mitochondrial fission and recruitment of Parkin in cardiac
myocytes, Am. J. Physiol. Heart Circ. Physiol. 301 (5) (2011) H1924-31.

N. Hariharan, Y. Maejima, J. Nakae, J. Paik, R.A. Depinho, J. Sadoshima,
Deacetylation of FoxO by Sirtl plays an essential role in mediating starvation-
induced autophagy in cardiac myocytes, Circ. Res. 107 (12) (2010) 1470-1482.
S. Kume, T. Uzu, K. Horiike, M. Chin-Kanasaki, K. Isshiki, S. Araki, T. Sugimoto,
M. Haneda, A. Kashiwagi, D. Koya, Calorie restriction enhances cell adaptation to
hypoxia through Sirt1-dependent mitochondrial autophagy in mouse aged kidney,
J. Clin. Invest. 120 (4) (2010) 1043-1055.

A. Sengupta, J.D. Molkentin, K.E. Yutzey, FoxO transcription factors promote
autophagy in cardiomyocytes, J. Biol. Chem. 284 (41) (2009) 28319-28331.

P. Yao, H. Zhao, W. Mo, P. He, Laminar shear stress promotes vascular endothelial
cell autophagy through upregulation with Rab4, DNA Cell Biol. 35 (3) (2016)
118-123.

F. Guo, X. Li, J. Peng, Y. Tang, Q. Yang, L. Liu, Z. Wang, Z. Jiang, M. Xiao, C. Ni,
R. Chen, D. Wei, G.X. Wang, Autophagy regulates vascular endothelial cell eNOS
and ET-1 expression induced by laminar shear stress in an ex vivo perfused system,
Ann. Biomed. Eng. 42 (9) (2014) 1978-1988.

L.P. Bharath, R. Mueller, Y. Li, T. Ruan, D. Kunz, R. Goodrich, T. Mills, L. Deeter,
A. Sargsyan, P.V. Anandh Babu, T.E. Graham, J.D. Symons, Impairment of au-
tophagy in endothelial cells prevents shear-stress-induced increases in nitric oxide
bioavailability, Can. J. Physiol. Pharmacol. 92 (7) (2014) 605-612.

Q. Sheng, X. Xiao, K. Prasadan, C. Chen, Y. Ming, J. Fusco, N.N. Gangopadhyay,
D. Ricks, G.K. Gittes, Autophagy protects pancreatic beta cell mass and function in
the setting of a high-fat and high-glucose diet, Sci. Rep. 7 (1) (2017) 16348.

J.L. Fetterman, M. Holbrook, N. Flint, B. Feng, R. Breton-Romero, E.A. Linder,
B.D. Berk, M.A. Duess, M.G. Farb, N. Gokce, O.S. Shirihai, N.M. Hamburg,

J.A. Vita, Restoration of autophagy in endothelial cells from patients with diabetes
mellitus improves nitric oxide signaling, Atherosclerosis 247 (2016) 207-217.

Y. Xie, S.J. You, Y.L. Zhang, Q. Han, Y.J. Cao, X.S. Xu, Y.P. Yang, J. Li, C.F. Liu,
Protective role of autophagy in AGE-induced early injury of human vascular en-
dothelial cells, Mol. Med. Rep. 4 (3) (2011) 459-464.

L.C. Brant, N. Wang, F.M. Ojeda, M. LaValley, S.M. Barreto, E.J. Benjamin,

G.F. Mitchell, R.S. Vasan, J.N. Palmisano, T. Munzel, S. Blankenberg, P.S. Wild,
T. Zeller, A.L. Ribeiro, R.B. Schnabel, N.M. Hamburg, Relations of metabolically
healthy and unhealthy obesity to digital vascular function in three community-
based cohorts: a meta-analysis, J. Am. Heart Assoc. 6 (3) (2017).

C. Marchesi, T. Ebrahimian, O. Angulo, P. Paradis, E.L. Schiffrin, Endothelial nitric
oxide synthase uncoupling and perivascular adipose oxidative stress and in-
flammation contribute to vascular dysfunction in a rodent model of metabolic
syndrome, Hypertension 54 (6) (2009) 1384-1392.

A. Higuchi, K. Ohashi, R. Shibata, S. Sono-Romanelli, K. Walsh, N. Ouchi,
Thiazolidinediones reduce pathological neovascularization in ischemic retina via
an adiponectin-dependent mechanism, Arterioscler. Thromb. Vasc. Biol. 30 (1)
(2010) 46-53.

D. Fratantonio, F. Cimino, M.S. Molonia, D. Ferrari, A. Saija, F. Virgili, A. Speciale,
Cyanidin-3-O-glucoside ameliorates palmitate-induced insulin resistance by
modulating IRS-1 phosphorylation and release of endothelial derived vasoactive
factors, Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1862 (3) (2017) 351-357.
G.A. Payne, L. Borbouse, S. Kumar, Z. Neeb, M. Alloosh, M. Sturek, J.D. Tune,
Epicardial perivascular adipose-derived leptin exacerbates coronary endothelial
dysfunction in metabolic syndrome via a protein kinase C-beta pathway,
Arterioscler. Thromb. Vasc. Biol. 30 (9) (2010) 1711-1717.

J.D. Knudson, U.D. Dincer, C. Zhang, A.N. Swafford Jr., R. Koshida, A. Picchi,
M. Focardi, G.M. Dick, J.D. Tune, Leptin receptors are expressed in coronary ar-
teries, and hyperleptinemia causes significant coronary endothelial dysfunction,
Am. J. Physiol. Heart Circ. Physiol. 289 (1) (2005) H48-56.

C.M. Apovian, S. Bigornia, M. Mott, M.R. Meyers, J. Ulloor, M. Gagua,

M. McDonnell, D. Hess, L. Joseph, N. Gokce, Adipose macrophage infiltration is
associated with insulin resistance and vascular endothelial dysfunction in obese
subjects, Arterioscler. Thromb. Vasc. Biol. 28 (9) (2008) 1654-1659.

F.M. Martens, T.J. Rabelink, J. op’ t Roodt, E.J. de Koning, F.L. Visseren, TNF-
alpha induces endothelial dysfunction in diabetic adults, an effect reversible by the
PPAR-gamma agonist pioglitazone, Eur. Heart J. 27 (13) (2006) 1605-1609.
J.V. Busik, S. Mohr, M.B. Grant, Hyperglycemia-induced reactive oxygen species
toxicity to endothelial cells is dependent on paracrine mediators, Diabetes 57 (7)
(2008) 1952-1965.

J.M. Poret, C. Battle, A.J. Mouton, D.A. Gaudet, F. Souza-Smith, J.D. Gardner,
H.D. Braymer, L. Harrison-Bernard, S.D. Primeaux, The prevalence of cardio-me-
tabolic risk factors is differentially elevated in obesity-prone Osborne-Mendel and
obesity-resistant S5B/PI rats, Life Sci. 223 (2019) 95-101.

H. Zhang, Y. Park, C. Zhang, Coronary and aortic endothelial function affected by
feedback between adiponectin and tumor necrosis factor alpha in type 2 diabetic
mice, Arterioscler. Thromb. Vasc. Biol. 30 (11) (2010) 2156-2163.

T.C. Wascher, J.H. Lindeman, H. Sourij, T. Kooistra, G. Pacini, M. Roden, Chronic
TNF-alpha neutralization does not improve insulin resistance or endothelial
function in “healthy” men with metabolic syndrome, Mol. Med. 17 (3-4) (2011)
189-193.

J. Yang, Y. Park, H. Zhang, X. Gao, E. Wilson, W. Zimmer, L. Abbott, C. Zhang,
Role of MCP-1 in tumor necrosis factor-alpha-induced endothelial dysfunction in
type 2 diabetic mice, Am. J. Physiol. Heart Circ. Physiol. 297 (4) (2009)
H1208-16.

S.M. Stamatovic, R.F. Keep, S.L. Kunkel, A.V. Andjelkovic, Potential role of MCP-1
in endothelial cell tight junction’ opening’: signaling via Rho and Rho kinase, J.
Cell. Sci. 116 (Pt 22) (2003) 4615-4628.

A. Liu, K. Li, L. Xu, M. Si, G. Teng, G. Li, J. Xue, S. Liang, W. Song, Metformin
delays the development of atherosclerosis in type 1 diabetes mellitus via the


http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0780
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0780
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0780
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0785
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0785
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0785
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0785
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0785
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0785
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0790
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0790
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0790
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0795
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0795
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0795
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0800
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0800
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0800
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0800
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0800
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0805
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0805
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0805
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0810
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0810
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0810
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0815
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0815
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0815
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0820
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0820
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0820
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0820
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0820
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0825
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0825
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0825
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0830
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0830
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0830
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0830
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0835
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0835
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0835
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0840
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0840
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0840
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0845
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0845
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0845
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0845
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0850
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0850
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0850
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0850
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0855
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0855
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0855
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0860
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0860
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0860
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0865
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0865
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0865
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0870
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0870
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0870
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0875
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0875
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0875
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0880
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0880
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0880
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0880
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0885
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0885
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0885
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0890
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0890
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0890
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0895
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0895
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0895
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0895
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0900
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0900
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0900
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0900
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0905
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0905
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0905
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0905
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0910
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0910
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0910
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0915
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0915
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0915
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0920
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0920
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0920
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0920
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0925
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0925
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0930
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0930
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0930
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0935
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0935
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0935
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0935
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0940
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0940
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0940
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0940
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0945
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0945
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0945
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0950
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0950
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0950
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0950
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0955
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0955
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0955
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0960
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0960
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0960
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0960
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0960
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0965
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0965
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0965
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0965
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0970
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0970
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0970
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0970
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0975
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0975
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0975
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0975
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0980
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0980
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0980
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0980
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0985
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0985
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0985
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0985
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0990
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0990
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0990
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0990
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0995
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0995
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref0995
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1000
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1000
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1000
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1005
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1005
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1005
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1005
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1010
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1010
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1010
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1015
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1015
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1015
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1015
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1020
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1020
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1020
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1020
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1025
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1025
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1025
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1030
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1030

P.K. Oduro, et al.

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

methylglyoxal pathway, Diabetes Ther. (2020).

L.J. McCreight, A. Mari, L. Coppin, N. Jackson, A.M. Umpleby, E.R. Pearson,
Metformin increases fasting glucose clearance and endogenous glucose production
in non-diabetic individuals, Diabetologia 63 (2) (2020) 444-447.

N.C. Ward, K. Chen, C. Li, K.D. Croft, J.F. Keaney Jr., Chronic activation of AMP-
activated protein kinase prevents 20-hydroxyeicosatetraenoic acid-induced en-
dothelial dysfunction, Clin. Exp. Pharmacol. Physiol. 38 (5) (2011) 328-333.
L.A. Lesniewski, M.C. Zigler, J.R. Durrant, A.J. Donato, D.R. Seals, Sustained ac-
tivation of AMPK ameliorates age-associated vascular endothelial dysfunction via
a nitric oxide-independent mechanism, Mech. Ageing Dev. (2012).

E.A. Bradley, E.C. Eringa, C.D. Stehouwer, I. Korstjens, G.P. van Nieuw
Amerongen, R. Musters, P. Sipkema, M.G. Clark, S. Rattigan, Activation of AMP-
activated protein kinase by 5-aminoimidazole-4-carboxamide-1-beta-D-ribofur-
anoside in the muscle microcirculation increases nitric oxide synthesis and mi-
crovascular perfusion, Arterioscler. Thromb. Vasc. Biol. 30 (6) (2010) 1137-1142.
R.J. Ford, J.W. Rush, Endothelium-dependent vasorelaxation to the AMPK acti-
vator AICAR is enhanced in aorta from hypertensive rats and is NO and EDCF
dependent, Am. J. Physiol. Heart Circ. Physiol. 300 (1) (2011) H64-75.

J.M. Cacicedo, S. Benjachareonwong, E. Chou, N. Yagihashi, N.B. Ruderman,

Y. Ido, Activation of AMP-activated protein kinase prevents lipotoxicity in retinal
pericytes, Invest. Ophthalmol. Vis. Sci. 52 (6) (2011) 3630-3639.

J.M. Cacicedo, N. Yagihashi, J.F. Keaney Jr., N.B. Ruderman, Y. Ido, AMPK in-
hibits fatty acid-induced increases in NF-kappaB transactivation in cultured
human umbilical vein endothelial cells, Biochem. Biophys. Res. Commun. 324 (4)
(2004) 1204-1209.

M.A. Ewart, C.F. Kohlhaas, I.P. Salt, Inhibition of tumor necrosis factor alpha-
stimulated monocyte adhesion to human aortic endothelial cells by AMP-activated
protein kinase, Arterioscler. Thromb. Vasc. Biol. 28 (12) (2008) 2255-2257.

Y. Hattori, K. Suzuki, S. Hattori, K. Kasai, Metformin inhibits cytokine-induced
nuclear factor kappaB activation via AMP-activated protein kinase activation in
vascular endothelial cells, Hypertension 47 (6) (2006) 1183-1188.

N.L. Huang, S.H. Chiang, C.H. Hsueh, Y.J. Liang, Y.J. Chen, L.P. Lai, Metformin
inhibits TNF-alpha-induced IkappaB kinase phosphorylation, IkappaB-alpha de-
gradation and IL-6 production in endothelial cells through PI3K-dependent AMPK
phosphorylation, Int. J. Cardiol. 134 (2) (2009) 169-175.

X.M. Liu, K.J. Peyton, A.R. Shebib, H. Wang, R.J. Korthuis, W. Durante, Activation
of AMPK stimulates heme oxygenase-1 gene expression and human endothelial
cell survival, Am. J. Physiol. Heart Circ. Physiol. 300 (1) (2011) H84-93.

W.S. Cheang, W.T. Wong, L. Zhao, J. Xu, L. Wang, C.W. Lau, Z.Y. Chen, R.C. Ma,
A. Xu, N. Wang, X.Y. Tian, Y. Huang, PPARdelta is required for exercise to at-
tenuate endoplasmic reticulum stress and endothelial dysfunction in diabetic
mice, Diabetes 66 (2) (2017) 519-528.

W.J. Chen, L.J. Rijzewijk, R.W. van der Meer, M.W. Heymans, E. van Duinkerken,
M. Lubberink, A.A. Lammertsma, H.J. Lamb, A. de Roos, J.A. Romijn, J.W. Smit,
J.J. Bax, M. Bjerre, J. Frystyk, A. Flyvbjerg, M. Diamant, Association of plasma
osteoprotegerin and adiponectin with arterial function, cardiac function and me-
tabolism in asymptomatic type 2 diabetic men, Cardiovasc. Diabetol. 10

(2011) 67.

F. Mouquet, F. Cuilleret, S. Susen, K. Sautiere, P. Marboeuf, P.V. Ennezat,

E. McFadden, P. Pigny, F. Richard, B. Hennache, M.C. Vantyghem, M. Bertrand,
J. Dallongeville, B. Jude, E. Van Belle, Metabolic syndrome and collateral vessel
formation in patients with documented occluded coronary arteries: association
with hyperglycaemia, insulin-resistance, adiponectin and plasminogen activator
inhibitor-1, Eur. Heart J. 30 (7) (2009) 840-849.

W.T. Wong, X.Y. Tian, A. Xu, J. Yu, C.W. Lau, R.L. Hoo, Y. Wang, V.W. Lee,

K.S. Lam, P.M. Vanhoutte, Y. Huang, Adiponectin is required for PPARgamma-
mediated improvement of endothelial function in diabetic mice, Cell Metab. 14 (1)
(2011) 104-115.

Y. Cao, L. Tao, Y. Yuan, X. Jiao, W.B. Lau, Y. Wang, T. Christopher, B. Lopez,

L. Chan, B. Goldstein, X.L. Ma, Endothelial dysfunction in adiponectin deficiency
and its mechanisms involved, J. Mol. Cell. Cardiol. 46 (3) (2009) 413-419.

S. Lee, Y. Park, K.C. Dellsperger, C. Zhang, Exercise training improves endothelial
function via adiponectin-dependent and independent pathways in type 2 diabetic
mice, Am. J. Physiol. Heart Circ. Physiol. 301 (2) (2011) H306-14.

Q. Zheng, Y. Yuan, W. Yi, W.B. Lau, Y. Wang, X. Wang, Y. Sun, B.L. Lopez,

T.A. Christopher, J.M. Peterson, G.W. Wong, S. Yu, D. Yi, X.L. Ma, C1q/TNF-re-
lated proteins, a family of novel adipokines, induce vascular relaxation through
the adiponectin receptor-1/AMPK/eNOS/nitric oxide signaling pathway,
Arterioscler. Thromb. Vasc. Biol. 31 (11) (2011) 2616-2623.

K.K. Cheng, K.S. Lam, Y. Wang, Y. Huang, D. Carling, D. Wu, C. Wong, A. Xu,
Adiponectin-induced endothelial nitric oxide synthase activation and nitric oxide
production are mediated by APPL1 in endothelial cells, Diabetes 56 (5) (2007)
1387-1394.

S. Devaraj, N. Torok, M.R. Dasu, D. Samols, I. Jialal, Adiponectin decreases C-
reactive protein synthesis and secretion from endothelial cells: evidence for an
adipose tissue-vascular loop, Arterioscler. Thromb. Vasc. Biol. 28 (7) (2008)
1368-1374.

R. Ouedraogo, X. Wu, S.Q. Xu, L. Fuchsel, H. Motoshima, K. Mahadev, K. Hough,
R. Scalia, B.J. Goldstein, Adiponectin suppression of high-glucose-induced reactive
oxygen species in vascular endothelial cells: evidence for involvement of a cAMP
signaling pathway, Diabetes 55 (6) (2006) 1840-1846.

X. Xiao, Y. Dong, J. Zhong, R. Cao, X. Zhao, G. Wen, J. Liu, Adiponectin protects
endothelial cells from the damages induced by the intermittent high level of
glucose, Endocrine 40 (3) (2011) 386-393.

G.Z. Liu, B. Liang, W.B. Lau, Y. Wang, J. Zhao, R. Li, X. Wang, Y. Yuan, B.L. Lopez,
T.A. Christopher, C. Xiao, X.L. Ma, Y. Wang, High glucose/High Lipids impair
vascular adiponectin function via inhibition of caveolin-1/AdipoR1 signalsome
formation, Free Radic. Biol. Med. 89 (2015) 473-485.

X. Wu, K. Mahadev, L. Fuchsel, R. Ouedraogo, S.Q. Xu, B.J. Goldstein, Adiponectin
suppresses IkappaB kinase activation induced by tumor necrosis factor-alpha or

22

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

Pharmacological Research 158 (2020) 104893

high glucose in endothelial cells: role of cAMP and AMP kinase signaling, Am. J.
Physiol. Endocrinol. Metab. 293 (6) (2007) E1836-44.

R. Ouedraogo, Y. Gong, B. Berzins, X. Wu, K. Mahadev, K. Hough, L. Chan,

B.J. Goldstein, R. Scalia, Adiponectin deficiency increases leukocyte-endothelium
interactions via upregulation of endothelial cell adhesion molecules in vivo, J.
Clin. Invest. 117 (6) (2007) 1718-1726.

A. Breitenstein, S. Stein, E.W. Holy, G.G. Camici, C. Lohmann, A. Akhmedov,

R. Spescha, P.J. Elliott, C.H. Westphal, C.M. Matter, T.F. Luscher, F.C. Tanner,
Sirtl inhibition promotes in vivo arterial thrombosis and tissue factor expression
in stimulated cells, Cardiovasc. Res. 89 (2) (2011) 464-472.

C. Maccallini, A. Mollica, R. Amoroso, The positive regulation of eNOS signaling
by PPAR agonists in cardiovascular diseases, Am. J. Cardiovasc. Drugs 17 (4)
(2017) 273-281.

M. Kitada, Y. Ogura, D. Koya, The protective role of Sirtl in vascular tissue: its
relationship to vascular aging and atherosclerosis, Aging 8 (10) (2016)
2290-2307.

R. Qin, L. Zhang, D. Lin, F. Xiao, L. Guo, Sirtl inhibits HG-induced endothelial
injury: role of Mff-based mitochondrial fission and Factin homeostasis-mediated
cellular migration, Int. J. Mol. Med. 44 (1) (2019) 89-102.

R. Yang, W. Fang, J. Liang, C. Lin, S. Wu, S. Yan, C. Hu, X. Ke, Apelin/APJ axis
improves angiotensin II-induced endothelial cell senescence through AMPK/SIRT1
signaling pathway, Arch. Med. Sci. 14 (4) (2018) 725-734.

K. Shukla, P.B. Pal, H. Sonowal, S.K. Srivastava, K.V. Ramana, Aldose reductase
inhibitor protects against hyperglycemic stress by activating Nrf2-Dependent an-
tioxidant proteins, J. Diabetes Res. 2017 (2017) 6785852.

K.V. Ramana, S.K. Srivastava, Aldose reductase: a novel therapeutic target for
inflammatory pathologies, Int. J. Biochem. Cell Biol. 42 (1) (2010) 17-20.

K.V. Ramana, D. Chandra, S. Srivastava, A. Bhatnagar, B.B. Aggarwal,

S.K. Srivastava, Aldose reductase mediates mitogenic signaling in vascular smooth
muscle cells, J. Biol. Chem. 277 (35) (2002) 32063-32070.

K.V. Ramana, B. Friedrich, S. Srivastava, A. Bhatnagar, S.K. Srivastava, Activation
of nuclear factor-kappaB by hyperglycemia in vascular smooth muscle cells is
regulated by aldose reductase, Diabetes 53 (11) (2004) 2910-2920.

S. Srivastava, K.V. Ramana, R. Tammali, S.K. Srivastava, A. Bhatnagar,
Contribution of aldose reductase to diabetic hyperproliferation of vascular smooth
muscle cells, Diabetes 55 (4) (2006) 901-910.

C. Yuan, J. Hu, S. Parathath, L. Grauer, C.B. Cassella, S. Bagdasarov, I.J. Goldberg,
R. Ramasamy, E.A. Fisher, Human aldose reductase expression prevents athero-
sclerosis regression in diabetic mice, Diabetes 67 (9) (2018) 1880-1891.

S. Vedantham, D. Thiagarajan, R. Ananthakrishnan, L. Wang, R. Rosario, Y.S. Zou,
1. Goldberg, S.F. Yan, A.M. Schmidt, R. Ramasamy, Aldose reductase drives hy-
peracetylation of Egr-1 in hyperglycemia and consequent upregulation of proin-
flammatory and prothrombotic signals, Diabetes 63 (2) (2014) 761-774.

D. Badawy, H.M. El-Bassossy, A. Fahmy, A. Azhar, Aldose reductase inhibitors
zopolrestat and ferulic acid alleviate hypertension associated with diabetes: effect
on vascular reactivity, Can. J. Physiol. Pharmacol. 91 (2) (2013) 101-107.

C. Demiot, M. Tartas, B. Fromy, P. Abraham, J.L. Saumet, D. Sigaudo-Roussel,
Aldose reductase pathway inhibition improved vascular and C-fiber functions,
allowing for pressure-induced vasodilation restoration during severe diabetic
neuropathy, Diabetes 55 (5) (2006) 1478-1483.

L.J. Coppey, J.S. Gellett, E.P. Davidson, J.A. Dunlap, M.A. Yorek, Effect of treating
streptozotocin-induced diabetic rats with sorbinil, myo-inositol or aminoguanidine
on endoneurial blood flow, motor nerve conduction velocity and vascular function
of epineurial arterioles of the sciatic nerve, Int. J. Exp. Diabetes Res. 3 (1) (2002)
21-36.

D.J. Sellers, R. Chess-Williams, The effect of sorbinil, an aldose reductase in-
hibitor, on aortic function in control and streptozotocin-induced diabetic rats, J.
Auton. Pharmacol. 20 (1) (2000) 15-22.

P.B. Pal, H. Sonowal, K. Shukla, S.K. Srivastava, K.V. Ramana, Aldose reductase
regulates hyperglycemia-induced HUVEC death via SIRT1/AMPK-alphal/mTOR
pathway, J. Mol. Endocrinol. 63 (1) (2019) 11-25.

P.B. Pal, H. Sonowal, K. Shukla, S.K. Srivastava, K.V. Ramana, Aldose reductase
mediates NLRP3 inflammasome-initiated innate immune response in hypergly-
cemia-induced Thpl monocytes and male mice, Endocrinology 158 (10) (2017)
3661-3675.

S. Ozyazgan, Y. Unlucerci, S. Bekpinar, A.G. Akkan, Impaired relaxation in aorta
from streptozotocin-diabetic rats: effect of aminoguanidine (AMNG) treatment,
Int. J. Exp. Diabetes Res. 1 (2) (2000) 145-153.

B.B. Yang, Z.W. Hong, Z. Zhang, W. Yu, T. Song, L.L. Zhu, H.S. Jiang, G.T. Chen,
Y. Chen, Y.T. Dai, Epalrestat, an aldose reductase inhibitor, restores erectile
function in streptozocin-induced diabetic rats, Int. J. Impot. Res. 31 (2) (2019)
97-104.

P.D. Taylor, A.D. Wickenden, D.J. Mirrlees, L. Poston, Endothelial function in the
isolated perfused mesentery and aortae of rats with streptozotocin-induced dia-
betes: effect of treatment with the aldose reductase inhibitor, ponalrestat, Br. J.
Pharmacol. 111 (1) (1994) 42-48.

E.V. Galkina, M. Butcher, S.R. Keller, M. Goff, A. Bruce, H. Pei, .J. Sarembock,
J.M. Sanders, M.H. Nagelin, S. Srinivasan, R.N. Kulkarni, C.C. Hedrick,

F.A. Lattanzio, A.D. Dobrian, J.L. Nadler, K. Ley, Accelerated atherosclerosis in
Apoe-/- mice heterozygous for the insulin receptor and the insulin receptor sub-
strate-1, Arterioscler. Thromb. Vasc. Biol. 32 (2) (2012) 247-256.

C. Rask-Madsen, Q. Li, B. Freund, D. Feather, R. Abramov, I.H. Wu, K. Chen,

J. Yamamoto-Hiraoka, J. Goldenbogen, K.B. Sotiropoulos, A. Clermont,

P. Geraldes, C. Dall’Osso, A.J. Wagers, P.L. Huang, M. Rekhter, R. Scalia,

C.R. Kahn, G.L. King, Loss of insulin signaling in vascular endothelial cells ac-
celerates atherosclerosis in apolipoprotein E null mice, Cell Metab. 11 (5) (2010)
379-389.

S. Sharma, M. Singh, P.L. Sharma, Beneficial effect of insulin in hyperhomocys-
teinemia and diabetes mellitus-induced vascular endothelium dysfunction: role of
phosphoinositide dependent kinase and protein kinase B, Mol. Cell. Biochem. 348


http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1030
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1035
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1035
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1035
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1040
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1040
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1040
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1045
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1045
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1045
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1050
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1055
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1055
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1055
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1060
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1060
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1060
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1065
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1065
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1065
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1065
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1070
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1070
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1070
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1075
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1075
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1075
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1080
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1080
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1080
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1080
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1085
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1085
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1085
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1090
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1090
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1090
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1090
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1095
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1095
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1095
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1095
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1095
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1095
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1100
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1100
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1100
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1100
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1100
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1100
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1105
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1105
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1105
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1105
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1110
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1110
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1110
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1115
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1115
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1115
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1120
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1120
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1120
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1120
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1120
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1125
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1125
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1125
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1125
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1130
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1130
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1130
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1130
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1135
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1135
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1135
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1135
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1140
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1140
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1140
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1145
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1145
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1145
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1145
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1150
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1150
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1150
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1150
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1155
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1155
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1155
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1155
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1160
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1160
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1160
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1160
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1165
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1165
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1165
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1170
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1170
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1170
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1175
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1175
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1175
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1180
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1180
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1180
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1185
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1190
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1190
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1195
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1200
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1200
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1200
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1205
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1205
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1205
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1210
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1210
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1210
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1215
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1215
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1215
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1215
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1220
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1220
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1220
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1225
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1225
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1225
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1225
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1230
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1230
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1230
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1230
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1230
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1235
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1235
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1235
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1240
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1240
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1240
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1245
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1245
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1245
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1245
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1250
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1250
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1250
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1255
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1255
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1255
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1255
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1260
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1260
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1260
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1260
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1265
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1265
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1265
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1265
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1265
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1270
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1270
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1270
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1270
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1270
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1270
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1275
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1275
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1275

P.K. Oduro, et al.

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

(1-2) (2011) 21-32.

H.K. Elcioglu, L. Kabasakal, N. Ozkan, C. Celikel, G. Ayanoglu-Dulger, A study
comparing the effects of rosiglitazone and/or insulin treatments on streptozotocin
induced diabetic (type I diabetes) rat aorta and cavernous tissues, Eur. J.
Pharmacol. 660 (2-3) (2011) 476-484.

N.R. Nascimento, L.M. Lessa, M.R. Kerntopf, C.M. Sousa, R.S. Alves, M.G. Queiroz,
J. Price, D.B. Heimark, J. Larner, X. Du, M. Brownlee, A. Gow, C. Davis,

M.C. Fonteles, Inositols prevent and reverse endothelial dysfunction in diabetic rat
and rabbit vasculature metabolically and by scavenging superoxide, Proc. Natl.
Acad. Sci. U. S. A. 103 (1) (2006) 218-223.

H. Zhang, K.C. Dellsperger, C. Zhang, The link between metabolic abnormalities
and endothelial dysfunction in type 2 diabetes: an update, Basic Res. Cardiol. 107
(1) (2012) 237.

S. Nemoto, T. Kobayashi, K. Taguchi, T. Matsumoto, K. Kamata, Losartan improves
aortic endothelium-dependent relaxation via proline-rich tyrosine kinase 2/Src/
Akt pathway in type 2 diabetic Goto-Kakizaki rats, Am. J. Physiol. Heart Circ.
Physiol. 301 (6) (2011) H2383-94.

W.H. Polonsky, R.R. Henry, Poor medication adherence in type 2 diabetes: re-
cognizing the scope of the problem and its key contributors, Patient Prefer.
Adherence 10 (2016) 1299-1307.

H.E. Lebovitz, Thiazolidinediones: the forgotten diabetes medications, Curr. Diab.
Rep. 19 (12) (2019) 151.

L.N. Ji, J.M. Lu, X.H. Guo, W.Y. Yang, J.P. Weng, W.P. Jia, D.J. Zou, Z.G. Zhou,
D.M. Yu, J. Liu, Z.Y. Shan, Y.Z. Yang, R.M. Hu, D.L. Zhu, L.Y. Yang, L. Chen,
7.G. Zhao, Q.F. Li, H.M. Tian, Q.H. Ji, J. Liu, J.P. Ge, L.X. Shi, Y.C. Xu, Glycemic
control among patients in China with type 2 diabetes mellitus receiving oral drugs
or injectables, BMC Public Health 13 (2013) 602.

V. Fonseca, J. Rosenstock, R. Patwardhan, A. Salzman, Effect of metformin and
rosiglitazone combination therapy in patients with type 2 diabetes mellitus: a
randomized controlled trial, JAMA 283 (13) (2000) 1695-1702.

E.S. Mearns, D.M. Sobieraj, C.M. White, W.J. Saulsberry, C.G. Kohn, Y. Doleh,

E. Zaccaro, C.I. Coleman, Comparative efficacy and safety of antidiabetic drug
regimens added to metformin monotherapy in patients with type 2 diabetes: a
network meta-analysis, PLoS One 10 (4) (2015) e0125879.

H.W. Rodbard, P.S. Jellinger, J.A. Davidson, D. Einhorn, A.J. Garber,

G. Grunberger, Y. Handelsman, E.S. Horton, H. Lebovitz, P. Levy, E.S. Moghissi,
S.S. Schwartz, Statement by an American Association of Clinical Endocrinologists/
American College of Endocrinology consensus panel on type 2 diabetes mellitus:
an algorithm for glycemic control, Endocr. Pract. 15 (6) (2009) 540-559.

K.E. Elkind-Hirsch, D. Shaler, R. Harris, Postpartum treatment with liraglutide in
combination with metformin versus metformin monotherapy to improve meta-
bolic status and reduce body weight in overweight/obese women with recent
gestational diabetes: a double-blind, randomized, placebo-controlled study, J.
Diabetes Complicat. (2020) 107548.

G. Qiang, C. Wenzhai, Z. Huan, Z. Yuxia, Y. Dongdong, Z. Sen, C. Qiu, Effect of
Sancaijiangtang on plasma nitric oxide and endothelin-1 levels in patients with
type 2 diabetes mellitus and vascular dementia: a single-blind randomized con-
trolled trial, J. Tradit. Chin. Med. = Chung I Tsa Chih Ying Wen Pan 35 (4) (2015)
375-380.

Y.H. Liao, J.G. Lin, C.C. Lin, T.C. Li, Distributions of usage and the costs of con-
ventional medicine and traditional chinese medicine for lung cancer patients in
taiwan, Evid. Complement. Alternat. Med. 2013 (2013) 984876.

G.H. Chan, B.Y. Law, J.M. Chu, K.K. Yue, Z.H. Jiang, C.W. Lau, Y. Huang,

S.W. Chan, P. Ying-Kit Yue, R.N. Wong, Ginseng extracts restore high-glucose
induced vascular dysfunctions by altering triglyceride metabolism and down-
regulation of atherosclerosis-related genes, Evid. Complement. Alternat. Med.
2013 (2013) 797310.

H. Wang, C. Zhu, Y. Ying, L. Luo, D. Huang, Z. Luo, Metformin and berberine, two
versatile drugs in treatment of common metabolic diseases, Oncotarget 9 (11)
(2018) 10135-10146.

Z. Yang, Z. Li, Z. Li, DPPH-HPLC-MS assisted rapid identification of endothelial
protective substances from Xiao-Ke-An, J. Ethnopharmacol. 211 (2018) 188-196.
M.E. XD, Y.F. Cao, Y.Y. Che, J. Li, Z.P. Shang, W.J. Zhao, Y.J. Qiao, J.Y. Zhang,
Danshen: a phytochemical and pharmacological overview, Chin. J. Nat. Med. 17
(1) (2019) 59-80.

C.M. Li, X.L. Dong, X.D. Fan, J.H. Wu, Q.H. Wang, X.L. Tian, D.J. Guo, M.S. Wong,
T.Q. Qiu, S.W. Chan, Aqueous extract of danshen (Salvia miltiorrhiza Bunge)
protects ovariectomized rats fed with high-fat diet from endothelial dysfunction,
Menopause (New York, N. Y.) 20 (1) (2013) 100-109.

X.Y. Yang, G.F. Qiang, L. Zhang, X.M. Zhu, S.B. Wang, L. Sun, H.G. Yang, G.H. Du,
Salvianolic acid A protects against vascular endothelial dysfunction in high-fat
diet fed and streptozotocin-induced diabetic rats, J. Asian Nat. Prod. Res. 13 (10)
(2011) 884-894.

C. Pan, L. Lou, Y. Huo, G. Singh, M. Chen, D. Zhang, A. Wu, M. Zhao, S. Wang,
J. Li, Salvianolic acid B and tanshinone IIA attenuate myocardial ischemia injury
in mice by NO production through multiple pathways, Ther. Adv. Cardiovasc. Dis.
5(2) (2011) 99-111.

Y.S. Ko, H. Jin, S.W. Park, H.J. Kim, Salvianolic acid B protects against oxLDL-
induced endothelial dysfunction under high-glucose conditions by downregulating
ROCK1-mediated mitophagy and apoptosis, Biochem. Pharmacol. 174 (2020)
113815.

S. Qian, Y. Qian, D. Huo, S. Wang, Q. Qian, Tanshinone Ila protects retinal en-
dothelial cells against mitochondrial fission induced by methylglyoxal through
glyoxalase 1, Eur. J. Pharmacol. 857 (2019) 172419.

J. Wu, B. Wang, M. Li, Y.H. Shi, C. Wang, Y.G. Kang, Network pharmacology
identification of mechanisms of cerebral ischemia injury amelioration by Baicalin
and Geniposide, Eur. J. Pharmacol. 859 (2019) 172484.

Y. Yang, P. Xi, Y. Xie, C. Zhao, J. Xu, J. Jiang, Notoginsenoside R1 reduces blood
pressure in spontaneously hypertensive rats through a long non-coding RNA
AK094457, Int. J. Clin. Exp. Pathol. 8 (3) (2015) 2700-2709.

23

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

[302]

[303]

[304]

[305]

Pharmacological Research 158 (2020) 104893

Y.N. Song, H.G. Hong, J.S. Son, Y.O. Kwon, H.H. Lee, H.J. Kim, J.H. Park,

M.J. Son, J.G. Oh, M.H. Yoon, Investigation of ginsenosides and antioxidant ac-
tivities in the roots, leaves, and stems of hydroponic-cultured ginseng (Panax
ginseng meyer), Prev. Nutr. Food Sci. 24 (3) (2019) 283-292.

P. Zhou, W. Xie, S. He, Y. Sun, X. Meng, G. Sun, X. Sun, Ginsenoside Rb1 as an anti-
diabetic agent and its underlying mechanism analysis, Cells 8 (3) (2019).

Y. Liu, J. Deng, D. Fan, Ginsenoside Rk3 ameliorates high-fat-diet/streptozocin
induced type 2 diabetes mellitus in mice via the AMPK/Akt signaling pathway,
Food Funct. 10 (5) (2019) 2538-2551.

F. Lin, X. Gou, Panax notoginseng saponins improve the erectile dysfunction in
diabetic rats by protecting the endothelial function of the penile corpus ca-
vernosum, Int. J. Impot. Res. 25 (6) (2013) 206-211.

Y. Wang, Y. Ren, L. Xing, X. Dai, S. Liu, B. Yu, Y. Wang, Endothelium-dependent
vasodilation effects of Panax notoginseng and its main components are mediated
by nitric oxide and cyclooxygenase pathways, Exp. Ther. Med. 12 (6) (2016)
3998-4006.

T.H. Lan, D.P. Xu, M.T. Huang, J.X. Song, H.L. Wu, M. Li, Ginsenoside Rb1 pre-
vents homocysteine-induced EPC dysfunction via VEGF/p38MAPK and SDF-1/
CXCR4 activation, Sci. Rep. 7 (1) (2017) 13061.

T.H. Lan, Z.W. Xu, Z. Wang, Y.L. Wu, W.K. Wu, H.M. Tan, Ginsenoside Rb1 pre-
vents homocysteine-induced endothelial dysfunction via PI3K/Akt activation and
PKC inhibition, Biochem. Pharmacol. 82 (2) (2011) 148-155.

J.S. Wang, H.J. Yin, C.Y. Guo, Y. Huang, C.D. Xia, Q. Liu, Influence of high blood
glucose fluctuation on endothelial function of type 2 diabetes mellitus rats and
effects of Panax quinquefolius Saponin of stem and leaf, Chin. J. Integr. Med. 19
(3) (2013) 217-222.

N. Yang, P. Chen, Z. Tao, N. Zhou, X. Gong, Z. Xu, M. Zhang, D. Zhang, B. Chen,
Z. Tao, Z. Yang, Beneficial effects of ginsenoside-Rgl on ischemia-induced an-
giogenesis in diabetic mice, Acta Biochim. Biophys. Sin. (Shanghai) 44 (12) (2012)
999-1005.

C. Dong, P. Liu, H. Wang, M. Dong, G. Li, Y. Li, Ginsenoside Rb1 attenuates dia-
betic retinopathy in streptozotocin-induced diabetic rats1, Acta Cir. Bras. 34 (2)
(2019) e201900201.

S.H. Kim, S.H. Jung, Y.J. Lee, J.Y. Han, Y.E. Choi, H.D. Hong, H.Y. Jeon, J. Hwang,
S. Na, Y.M. Kim, K.S. Ha, Dammarenediol-II prevents VEGF-mediated micro-
vascular permeability in diabetic mice, Phytother. Res.: PTR 29 (12) (2015)
1910-1916.

1. Mucalo, E. Jovanovski, D. Rahelic, V. Bozikov, Z. Romic, V. Vuksan, Effect of
American ginseng (Panax quinquefolius L.) on arterial stiffness in subjects with
type-2 diabetes and concomitant hypertension, J. Ethnopharmacol. 150 (1) (2013)
148-153.

Y. Fan, H. Fan, B. Zhu, Y. Zhou, Q. Liu, P. Li, Astragaloside IV protects against
diabetic nephropathy via activating eNOS in streptozotocin diabetes-induced rats,
BMC Complement. Altern. Med. 19 (1) (2019) 355.

L. You, Z. Fang, G. Shen, Q. Wang, Y. He, S. Ye, L. Wang, M. Hu, Y. Lin, M. Liu,
A. Jiang, Astragaloside IV prevents high glucoseinduced cell apoptosis and in-
flammatory reactions through inhibition of the JNK pathway in human umbilical
vein endothelial cells, Mol. Med. Rep. 19 (3) (2019) 1603-1612.

X. Liu, W. Wang, G. Song, X. Wei, Y. Zeng, P. Han, D. Wang, M. Shao, J. Wu,

H. Sun, G. Xiong, S. Li, Astragaloside IV ameliorates diabetic nephropathy by
modulating the mitochondrial quality control network, PLoS One 12 (8) (2017)
e0182558.

X. Lin, Q. Wang, S. Sun, G. Xu, Q. Wu, M. Qi, F. Bai, J. Yu, Astragaloside IV
promotes the eNOS/NO/cGMP pathway and improves left ventricular diastolic
function in rats with metabolic syndrome, J. Int. Med. Res. 48 (1) (2020)
300060519826848.

B. Leng, F. Tang, M. Lu, Z. Zhang, H. Wang, Y. Zhang, Astragaloside IV improves
vascular endothelial dysfunction by inhibiting the TLR4/NF-kappaB signaling
pathway, Life Sci. 209 (2018) 111-121.

X.P. Lin, H.J. Cui, A.L. Yang, J.K. Luo, T. Tang, Astragaloside IV improves vaso-
dilatation function by regulating the PI3K/Akt/eNOS signaling pathway in rat
aorta endothelial cells, J. Vasc. Res. 55 (3) (2018) 169-176.

H. Guo, Y. Wang, X. Zhang, Y. Zang, Y. Zhang, L. Wang, H. Wang, Y. Wang, A. Cao,
W. Peng, Astragaloside IV protects against podocyte injury via SERCA2-dependent
ER stress reduction and AMPKalpha-regulated autophagy induction in streptozo-
tocin-induced diabetic nephropathy, Sci. Rep. 7 (1) (2017) 6852.

X. Liu, D. Wang, X. Yang, L. Lei, Huayu Tongmai Granules protects against vas-
cular endothelial dysfunction via up-regulating miR-185 and down-regulating
RAGE, Biosci. Rep. 38 (6) (2018).

G. Chen, X. Chen, C. Niu, X. Huang, N. An, J. Sun, S. Huang, W. Ye, S. Li, Y. Shen,
J. Liang, W. Cong, L. Jin, Baicalin alleviates hyperglycemia-induced endothelial
impairment 1 via Nrf2, J. Endocrinol. (2018).

W. Wang, C. Shang, W. Zhang, Z. Jin, F. Yao, Y. He, B. Wang, Y. Li, J. Zhang,
R. Lin, Hydroxytyrosol NO regulates oxidative stress and NO production through
SIRT1 in diabetic mice and vascular endothelial cells, Phytomedicine 52 (2019)
206-215.

K. Shukla, H. Sonowal, A. Saxena, K.V. Ramana, Didymin prevents hyperglycemia-
induced human umbilical endothelial cells dysfunction and death, Biochem.
Pharmacol. 152 (2018) 1-10.

Z. Liang, Y. Zheng, J. Wang, Q. Zhang, S. Ren, T. Liu, Z. Wang, D. Luo, Low
molecular weight fucoidan ameliorates streptozotocin-induced hyper-responsive-
ness of aortic smooth muscles in type 1 diabetes rats, J. Ethnopharmacol. 191
(2016) 341-349.

Y. Yin, F. Qi, Z. Song, B. Zhang, J. Teng, Ferulic acid combined with astragaloside
1V protects against vascular endothelial dysfunction in diabetic rats, Biosci. Trends
8 (4) (2014) 217-226.

H. Fu, X. Bai, L. Le, D. Tian, H. Gao, L.X. Qi, K.P. Hu, Eucommia ulmoides oliv.
Leaf extract improves erectile dysfunction in streptozotocin-induced diabetic rats
by protecting endothelial function and ameliorating hypothalamic-pituitary-go-
nadal Axis function, Evid. Complement. Alternat. Med.: eCAM 2019 (2019)


http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1275
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1280
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1280
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1280
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1280
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1285
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1285
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1285
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1285
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1285
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1290
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1290
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1290
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1295
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1295
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1295
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1295
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1300
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1300
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1300
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1305
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1305
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1310
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1310
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1310
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1310
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1310
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1315
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1315
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1315
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1320
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1320
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1320
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1320
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1325
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1325
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1325
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1325
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1325
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1330
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1330
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1330
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1330
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1330
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1335
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1335
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1335
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1335
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1335
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1340
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1340
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1340
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1345
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1345
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1345
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1345
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1345
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1350
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1350
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1350
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1355
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1355
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1360
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1360
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1360
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1365
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1365
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1365
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1365
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1370
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1370
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1370
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1370
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1375
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1375
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1375
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1375
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1380
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1380
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1380
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1380
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1385
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1385
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1385
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1390
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1390
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1390
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1395
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1395
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1395
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1400
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1400
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1400
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1400
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1405
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1405
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1410
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1410
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1410
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1415
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1415
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1415
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1420
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1420
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1420
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1420
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1425
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1425
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1425
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1430
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1430
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1430
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1435
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1435
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1435
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1435
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1440
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1440
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1440
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1440
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1445
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1445
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1445
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1450
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1450
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1450
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1450
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1455
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1455
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1455
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1455
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1460
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1460
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1460
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1465
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1465
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1465
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1465
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1470
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1470
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1470
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1470
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1475
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1475
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1475
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1475
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1480
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1480
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1480
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1485
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1485
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1485
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1490
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1490
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1490
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1490
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1495
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1495
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1495
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1500
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1500
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1500
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1505
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1505
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1505
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1505
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1510
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1510
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1510
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1515
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1515
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1515
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1515
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1520
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1520
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1520
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1525
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1525
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1525
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1525

P.K. Oduro, et al.

[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

[320]

[321]

[322]

[323]

1782953.

C.Y. Ko, R.H. Lin, Y.M. Lo, W.C. Chang, D.W. Huang, J.S. Wu, Y.F. Chang,

W.C. Huang, S.C. Shen, Effect of Ruellia tuberosa L. on aorta endothelial damage-
associated factors in high-fat diet and streptozotocin-induced type 2 diabetic rats,
Food Sci. Nutr. 7 (11) (2019) 3742-3750.

P. Brahmanaidu, V.V.S. Uddandrao, V. Sasikumar, R.R. Naik, S. Pothani,

M.S. Begum, M.P. Rajeshkumar, C. Varatharaju, B. Meriga, P. Rameshreddy,

A. Kalaivani, G. Saravanan, Reversal of endothelial dysfunction in aorta of
streptozotocin-nicotinamide-induced type-2 diabetic rats by S-Allylcysteine, Mol.
Cell. Biochem. 432 (1-2) (2017) 25-32.

Q.H. Yang, Y. Liang, Q. Xu, Y. Zhang, L. Xiao, L.Y. Si, Protective effect of tetra-
methylpyrazine isolated from Ligusticum chuanxiong on nephropathy in rats with
streptozotocin-induced diabetes, Phytomedicine 18 (13) (2011) 1148-1152.

Y. Semaming, U. Kukongviriyapan, B. Kongyingyoes, W. Thukhammee,

P. Pannangpetch, Protocatechuic acid restores vascular responses in rats with
chronic diabetes induced by streptozotocin, Phytother. Res.: PTR 30 (2) (2016)
227-233.

Z. Yu, B. Lu, Y. Sheng, L. Zhou, L. Ji, Z. Wang, Andrographolide ameliorates
diabetic retinopathy by inhibiting retinal angiogenesis and inflammation,
Biochim. Biophys. Acta 1850 (4) (2015) 824-831.

S. Chen, J. Ma, H. Zhu, S. Deng, M. Gu, S. Qu, Hydroxysafflor yellow A attenuates
high glucose-induced human umbilical vein endothelial cell dysfunction, Hum.
Exp. Toxicol. 38 (6) (2019) 685-693.

S. Sun, L. Liu, X. Tian, Y. Guo, Y. Cao, Y. Mei, C. Wang, Icariin attenuates high
glucose-induced apoptosis, oxidative stress, and inflammation in human umbilical
venous endothelial cells, Planta Med. 85 (6) (2019) 473-482.

T. Zhu, H. Wang, L. Wang, X. Zhong, W. Huang, X. Deng, H. Guo, J. Xiong, Y. Xu,
J. Fan, Ginsenoside Rgl attenuates high glucose-induced endothelial barrier dys-
function in human umbilical vein endothelial cells by protecting the endothelial
glycocalyx, Exp. Ther. Med. 17 (5) (2019) 3727-3733.

H. Shen, H. Rong, Pterostilbene impact on retinal endothelial cells under high
glucose environment, Int. J. Clin. Exp. Pathol. 8 (10) (2015) 12589-12594.

L. Feng, M.M. Zhu, M.H. Zhang, R.S. Wang, X.B. Tan, J. Song, S.M. Ding, X.B. Jia,
S.Y. Hu, Protection of glycyrrhizic acid against AGEs-induced endothelial dys-
function through inhibiting RAGE/NF-kappaB pathway activation in human um-
bilical vein endothelial cells, J. Ethnopharmacol. 148 (1) (2013) 27-36.

X. Zhang, Y. Song, X. Han, L. Feng, R. Wang, M. Zhang, M. Zhu, X. Jia, S. Hu,
Liquiritin attenuates advanced glycation end products-induced endothelial dys-
function via RAGE/NF-kappaB pathway in human umbilical vein endothelial cells,
Mol. Cell. Biochem. 374 (1-2) (2013) 191-201.

L. Feng, M. Zhu, M. Zhang, J. Gu, X. Jia, X. Tan, C. Gao, Q. Zhu, The protection of
4,4’-diphenylmethane-bis(methyl) carbamate from Cortex Mori on advanced gly-
cation end product-induced endothelial dysfunction: via inhibiting AGE formation
or blocking AGEs-RAGE axis? Fitoterapia 89 (2013) 239-249.

H.Q. Sang, J.F. Gu, J.R. Yuan, M.H. Zhang, X.B. Jia, L. Feng, The protective effect
of Smilax glabra extract on advanced glycation end products-induced endothelial
dysfunction in HUVECs via RAGE-ERK1/2-NF-kappaB pathway, J.
Ethnopharmacol. 155 (1) (2014) 785-795.

R. Hu, M.Q. Wang, S.H. Ni, M. Wang, L.Y. Liu, H.Y. You, X.H. Wu, Y.J. Wang,
L. Lu, L.B. Wei, Salidroside ameliorates endothelial inflammation and oxidative
stress by regulating the AMPK/NF-kappaB/NLRP3 signaling pathway in AGEs-
induced HUVECs, Eur. J. Pharmacol. 867 (2020) 172797.

Y. Xu, L. Feng, S. Wang, Q. Zhu, Z. Zheng, P. Xiang, B. He, D. Tang, Calycosin
protects HUVECs from advanced glycation end products-induced macrophage in-
filtration, J. Ethnopharmacol. 137 (1) (2011) 359-370.

W.R. Son, M.H. Nam, C.O. Hong, Y. Kim, K.W. Lee, Plantamajoside from Plantago
asiatica modulates human umbilical vein endothelial cell dysfunction by glycer-
aldehyde-induced AGEs via MAPK/NF-kappaB, BMC Complement. Altern. Med. 17
(1) (2017) 66.

P. Zhou, W. Xie, Y. Luo, S. Lu, Z. Dai, R. Wang, G. Sun, X. Sun, Protective effects of
total saponins of Aralia elata (Miq.) on endothelial cell injury induced by TNF-
alpha via modulation of the PI3K/Akt and NF-kappaB signalling pathways, Int. J.
Mol. Sci. 20 (1) (2018).

Y. Hu, X. Zhou, P. Liu, B. Wang, D.M. Duan, D.H. Guo, A comparison study of
metformin only therapy and metformin combined with Chinese medicine

24

[324]

[325]

[326]

[327]

[328]

[329]

[330]

[331]

[332]

[333]

[334]

[335]

[336]

[337]

[338]

[339]

[340]

[341]

Pharmacological Research 158 (2020) 104893

jianyutangkang therapy in patients with type 2 diabetes: a randomized placebo-
controlled double-blind study, Complement. Ther. Med. 24 (2016) 13-18.

Y.H. Huang, S.T. Chen, F.H. Liu, S.H. Hsieh, C.H. Lin, M.J. Liou, C.C. Wang,
C.H. Huang, G.H. Liu, J.R. Lin, L.Y. Yang, T.Y. Hsu, M.C. Lee, C.T. Huang, Y.H. Wu,
The efficacy and safety of concentrated herbal extract granules, YH1, as an add-on
medication in poorly controlled type 2 diabetes: a randomized, double-blind,
placebo-controlled pilot trial, PLoS One 14 (8) (2019) e0221199.

J. Jin, Q. Tian, H. Bao, Q. Zhang, Ding, F. Lian, T. Xiao-Lin, Does adjuvant
treatment with chinese herbal medicine to antidiabetic agents have additional
benefits in patients with type 2 diabetes? A system review and meta-analysis of
randomized controlled trials, Evid. Complement. Alternat. Med.: eCAM 2019
(2019) 1825750.

F. Cheng, Y. Wang, J. Li, C. Su, F. Wu, W.H. Xia, Z. Yang, B.B. Yu, Y.X. Qiu, J. Tao,
Berberine improves endothelial function by reducing endothelial microparticles-
mediated oxidative stress in humans, Int. J. Cardiol. 167 (3) (2013) 936-942.
Z.M. Lu, Y.R. Yu, H. Tang, X.X. Zhang, The protective effects of Radix Astragali
and Rhizoma Ligustici chuanxiong on endothelial dysfunction in type 2 diabetic
patients with microalbuminuria, Sichuan Da Xue Xue Bao. Yi Xue Ban = J.
Sichuan Univ. Med. Sci. Ed. 36 (4) (2005) 529-532.

M. Wei, P. Xiong, L. Zhang, M. Fei, A. Chen, F. Li, Perilla oil and exercise decrease
expressions of tumor necrosis factor-alpha, plasminogen activator inhibitor-1 and
highly sensitive C-reactive protein in patients with hyperlipidemia, J. Tradit. Chin.
Med. = Chung I Tsa Chih Ying Wen Pan 33 (2) (2013) 170-175.

C. Kamalashiran, J. Pattaraarchachai, S. Muengtaweepongsa, Feasibility and
safety of Perilla seed oil as an additional antioxidative therapy in patients with
mild to moderate dementia, J. Aging Res. 2018 (2018) 5302105.

Y.M. Yuan, J.W. Gao, Z. Shi, P. Huang, Y.S. Lu, M.C. Yao, M. Huang, Herb-drug
pharmacokinetic interaction between radix astragali and pioglitazone in rats, J.
Ethnopharmacol. 144 (2) (2012) 300-304.

A. Dei Cas, V. Spigoni, M. Cito, R. Aldigeri, V. Ridolfi, E. Marchesi, M. Marina,
E. Derlindati, R. Aloe, R.C. Bonadonna, 1. Zavaroni, Vildagliptin, but not glib-
enclamide, increases circulating endothelial progenitor cell number: a 12-month
randomized controlled trial in patients with type 2 diabetes, Cardiovasc. Diabetol.
16 (1) (2017) 27.

Y.C. Zhang, B.J. Lu, M.H. Zhao, Y.Z. Rong, R.M. Chen, Effect of Shengmai injection
on vascular endothelial and heart functions in patients with coronary heart disease
complicated with diabetes mellitus, Chin. J. Integr. Med. 14 (4) (2008) 281-285.
D.H. Yu Juan, Effect of Astragalus injection on serum oxygen free radical, TGF-1
and vascular endothelial function in patients with diabetes, Chin. J. Biochem.
Med. 5 (36(9)) (2016) 119-121.

Z.M.L. Chunli, Effects of Pushen capsule on glucose and lipid metabolism and
vascular endothelial cell function in patients with type 2 diabetes mellitus, Mod. J.
Integr. Tradit. Chin. Western Med. 17 (Sept 25(26)) (2016) 2905-2908.

S. Chuengsamarn, S. Rattanamongkolgul, B. Phonrat, R. Tungtrongchitr,

S. Jirawatnotai, Reduction of atherogenic risk in patients with type 2 diabetes by
curcuminoid extract: a randomized controlled trial, J. Nutr. Biochem. 25 (2)
(2014) 144-150.

S. Qian, S. Wang, P. Fan, D. Huo, L. Dai, Q. Qian, Effect of Salvia miltiorrhiza
hydrophilic extract on the endothelial biomarkers in diabetic patients with chronic
artery disease, Phytother. Res.: PTR 26 (10) (2012) 1575-1578.

X.H. Zhang Yuan, Ran Yan, Chunguang Xie, Clinical observation on protection and
treatment of diabetic macrovascular disease in initial diagnosis type 2 diabetes
mellitus patients with spleen deficiency by modified shengi compound, Chin. J.
Tradit. Chin. Med. 37 (9) (2019) 2125-2127.

Y.Y.B. Xiuling, Effects of shenqifuzheng injection on endothel in and platelet in
early nephropathy in patients with diabetes mellitus, Qinghai Med. J. 13 (5)
(2006) 12-14.

K.Y. Chen Sheng, Dongjia Ni, Zhang, Effect of yiqi yangyin herbal medicine on
inflammatory factors and vascular endothelial factors in patients with diabetic
nephropathy, Tradit. Chin. Med. Inform. 33 (1) (2016) 46-49.

K.X.-m. Liangwei, Clinical effects of dahuangtangsheng capsule on early stage of
diabetic nephropathy, Mod. Med. J. 8 (30) (2002) 363-365.

S.Sa.G.L. Ma Ya-qiong, Study on Effi cacy of Shenkang Injection in the treatment of
diabetic nephropathy and its effect on serum MCP-1 and ICAM-1, Chin. J. Ration.
Drug Use 16 (7) (2019) 114-117.


http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1525
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1530
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1530
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1530
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1530
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1535
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1535
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1535
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1535
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1535
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1540
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1540
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1540
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1545
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1545
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1545
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1545
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1550
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1550
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1550
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1555
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1555
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1555
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1560
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1560
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1560
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1565
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1565
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1565
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1565
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1570
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1570
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1575
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1575
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1575
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1575
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1580
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1580
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1580
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1580
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1585
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1585
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1585
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1585
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1590
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1590
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1590
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1590
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1595
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1595
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1595
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1595
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1600
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1600
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1600
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1605
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1605
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1605
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1605
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1610
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1610
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1610
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1610
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1615
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1615
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1615
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1615
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1620
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1620
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1620
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1620
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1620
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1625
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1625
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1625
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1625
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1625
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1630
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1630
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1630
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1635
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1635
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1635
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1635
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1640
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1640
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1640
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1640
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1645
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1645
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1645
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1650
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1650
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1650
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1655
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1655
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1655
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1655
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1655
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1660
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1660
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1660
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1665
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1665
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1665
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1670
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1670
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1670
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1675
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1675
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1675
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1675
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1680
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1680
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1680
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1685
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1685
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1685
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1685
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1690
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1690
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1690
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1695
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1695
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1695
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1700
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1700
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1705
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1705
http://refhub.elsevier.com/S1043-6618(20)31201-9/sbref1705

	Pharmacological management of vascular endothelial dysfunction in diabetes: TCM and western medicine compared based on biomarkers and biochemical parameters
	Introduction
	Diabetes mellitus
	Type I and type II diabetes mellitus: pathology, diagnosis, and complications
	Diabetes mellitus and cardiovascular disease

	Endothelial dysfunction in diabetes
	Localization and function of endothelium in the blood vessel
	Pathophysiological features of endothelial dysfunction in diabetes
	Clinic diagnostic of endothelial dysfunction
	Endothelial dysfunction in macrovascular endothelial complications of diabetes
	Endothelial dysfunction in microvascular endothelial complications of diabetes

	Molecular mechanisms of endothelial dysfunction in diabetes
	eNOS-NO axis
	Nitric oxide production and bioavailability
	eNOS uncoupling
	Caveolin and eNOS
	GTPCH1 and its metabolism BH4

	Oxidative stress
	ROS and RNS production
	Down-regulation of anti-oxidative enzymes

	AMPK inactivation
	Mitochondrial dynamics
	ER stress
	Inflammasome
	Autophagy
	Some risk factors of diabetes and Endothelial Dysfunction

	Therapeutic targets of vascular endothelial dysfunction in Diabetes
	AMPK
	Adiponectin
	SIRT1
	Aldose reductase

	Diabetes mellitus treatment rescues endothelial dysfunction
	Insulin therapy
	Pharmacological management of vascular endothelial dysfunction in diabetes
	Danshen
	Ginseng


	Efficacy and safety of TCM against western medicine on vascular endothelial dysfunction in diabetes
	Conclusion and perspective
	Declaration of Competing Interest
	Acknowledgments
	References




