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Methods: A literature search was carried out regarding our topic with the keywords of “atherosclerosis”
or “Nrf2/HO-1" or “vascular endothelial cells” or “oxidative stress” or “Herbal medicine” or “natural prod-
ucts” or “natural extracts” or “natural compounds” or “traditional Chinese medicines” based on classic
books of herbal medicine and scientific databases including Pubmed, SciFinder, Scopus, the Web of
Science, GoogleScholar, BaiduScholar, and others. Then, we analyzed the possible molecular mechanisms
for different types of natural compounds in the treatment of atherosclerosis via the protection of vascular
endothelial cells from oxidative stress. In addition, perspectives for possible future studies are discussed.
Results: These agents with protective effects against oxidative stress in ECs mainly include phenyl-
propanoids, flavonoids, terpenoids, and alkaloids. Most of these agents alleviate cell apoptosis in ECs
due to oxidative stress, and the mechanisms are related to Nrf2/HO-1 signaling activation. However,
despite continued progress in research on various aspects of natural agents exerting protective effects
against EC injury by activating Nrf2/HO-1 signaling, the development of new drugs for the treatment
of atherosclerosis (AS) and other CVDs based on these agents will require more detailed preclinical
and clinical studies.

Conclusion: Our present paper provides updated information of natural agents with protective activities
on ECs against oxidative stress by activating Nrf2/HO-1. We hope this review will provide some direc-
tions for the further development of novel candidate drugs from natural agents for the treatment of AS
and other CVDs.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Cardiovascular disease (CVD) is a common disease that seri-
ously threatens the life and health of humans. CVD is more com-
mon in elderly individuals over 50 years old and is characterized
by high morbidity, disability and mortality [1]. At present, greater
than 17 million people die of CVD every year worldwide [2]. In
China, Europe, the United States and other developed countries,
the incidence and mortality of CVD rank first [3,4]. CVD is respon-
sible for greater than 31% of deaths worldwide [5]. Importantly,
with the acceleration of the aging of the social population, this sit-
uation will become increasingly serious, and morbidity and mor-
tality will continue to increase. As the common pathological
basis of various CVDs (such as hypertension, coronary heart dis-
ease and acute myocardial infarction), atherosclerosis (AS) also
attracts much attention. In short, AS is a degenerative and prolifer-
ative systemic disease that mainly involves large- and medium-
sized arteries [6,7]. The basic features of AS are lipid deposition
in the intima of the artery, which forms many uneven atheroscle-
rotic plaques, making the vascular lumen smaller and less elastic
and thickening and hardening the wall [8]. In addition, during
the formation of plaques, internal hemorrhage, plaque rupture
and calcification, thrombosis and artery porridge tumors will also
occur, which will eventually affect the blood supply of the artery
and cause ischemia or necrosis of surrounding tissues or organs
[9,10]. AS is a complex process, and its pathogenesis remains
unclear. Clinicopathological examination revealed severe struc-
tural and functional impairment of endothelial cells in CVD
patients. In addition, the pathogenesis of many cardiovascular risk
factors (CVRFs), such as hypertension, diabetes mellitus and hyper-
cholesterolemia, is closely related to endothelial injury [11-13].
These results suggest that vascular endothelial cells (VECs) play
an important role in the occurrence and development of AS. There-
fore, protecting VECs from injury is one of the feasible directions
for treating AS and discovering anti-AS candidate drugs.

For thousands of years, natural medicines have been widely
used to prevent and treat various diseases due to their remarkable
efficacy and high safety. In recent years, with the progression and
development of society, these natural medicines have also become
popular worldwide, and herbal medicine has been widely accepted
in many countries as a supplement and alternative therapy.
Currently, increasing scientific evidence has shown that a large
number of natural drugs have achieved good results in the
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treatment of AS, such as Allium sativum [14], Angelica gigas [15],
Artemisia annua [16] and Cinnamomum cassia [17]. Furthermore,
some monomers from natural herbal medicines exhibit promising
anti-AS properties, such as alkaloids, flavonoids, terpenoids, and
phenylpropanoids [18-21]. Therefore, natural agents derived from
herbal medicines are undoubtedly invaluable resources for identi-
fying candidate drugs to treat AS based on VEC protection. The
phosphatidylinositol 3 kinase (PI3K)/protein kinase B (Akt) signal-
ing pathway plays an important role in the regulation of various
cell functions (including metabolism, growth, proliferation, sur-
vival, transcription and protein synthesis) and has become the
focus of current research. Studies have found that endothelial cell
(EC) apoptosis induced by many factors is mediated by PI3K/Akt
signaling [22]. Similarly, the nuclear factor erythroid-2 related fac-
tor 2 (Nrf2)/heme oxygenase (HO-1) signaling pathway, as an
indispensable signaling pathway in the oxidative stress response,
is involved in anti-inflammatory, antioxidant, apoptosis and other
processes and is one of the important targets for the treatment of
AS [23]. PI3K/AKkt is the upstream gene that regulates Nrf2, so the
two signaling pathways are often studied in combination. Conse-
quently, in this review, we summarized the natural agents con-
tained in herbal medicines showing protective properties inVECs
via the activation of Nrf2/HO-1 signaling to provide a reference
for follow-up studies on herbal medicines for treating AS and
related diseases.

Vascular endothelial cells and atherosclerosis

Vascular endothelial cells are specialized epithelial cells that
form the lining of blood vessels between plasma and vascular tis-
sue. These cells not only complete the metabolic exchange of
plasma and tissue fluid and can also synthesize and secrete a vari-
ety of biologically active substances to ensure the normal contrac-
tion and relaxation of blood vessels, maintain vascular tension,
adjust blood pressure, and balance blood coagulation and anticoag-
ulation, such as to maintain the normal flow of blood and long-
term patency of blood vessels and control vascular permeability.
Vascular blood flow results in mechanotransduction, mainly
including shear stress, stretch stress and wall hydrostatic pressure,
which play important roles in maintaining endothelial function
and homeostasis. Among these, shear stress is considered the most
important factor for the development of AS, which has crucial
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effects on vasodilatation. Shear stress results in the activation of
endothelial NO synthase (eNOS) in vascular endothelial cells,
which further induces the production of NO via mechanoreceptors
on the surface of endothelial cells and a series of complex molecu-
lar signaling pathways, leading to vasodilatation. In addition, shear
stress can lead to rapid Ca?* influx into the cytoplasm via Ca* iron
channels, which will further activate eNOS and NO production
(Fig. 1). In addition, ECs predominantly show vasoconstriction via
the release of many media, such as thromboxane A2 (TXA2),
endothelin (ET) and angiotensin (Ang) II, under various external
stimuli. Therefore, vascular endothelial cells play an important role
in maintaining vascular homeostasis [24-28]. However, when
endothelial cells are subjected to a series of pathological stimuli,
their structure and function are damaged, which is vascular
endothelial injury (VEI). Once VEI occurs, cells in the blood, such
as white blood cells, are recruited to accumulate and combine with
fibrin tissue to form a fibrin network [29,30].

Normally, small endothelial damage is perfectly repaired by
these fibrins. However, under pathological conditions, sustained
and extensive damage to the vascular endothelium cannot be
repaired, and vascular integrity is damaged, leading to vascular
rupture and bleeding. When an increasing number of monocytes
adhere simultaneously, AS plaques form at the wound of the inner
skin. Damaged endothelial cells also produce a large number of
growth factors and active substances to promote the migration
and proliferation of smooth muscle cells, secrete extracellular
matrix, form fibrous caps, and increase the instability of AS pla-
ques. Unstable plaques are prone to rupture and promote clot for-
mation. Some of these thrombi are washed away with the blood
flow. Small thrombi are absorbed and dissipated, and large thrombi
block capillaries, vein vessels and even the middle artery and other
blood vessels, causing cerebral infarction, myocardial infarction,
pulmonary embolism and other diseases. In addition, damage to
the structure and function of endothelial cells will lead to weak-
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ened vascular barrier function, making lipids and monocytes in
the blood more likely to deposit in the intima of blood vessels, fur-
ther promoting the formation of foam cells and AS plaques and
accelerating the occurrence of AS. Therefore, endothelial injury is
often considered the key early link in the onset of AS [31-33].

With the development of science and technology, our under-
standing of the process behind endothelial injury is improving.
As early as the last century, some scholars noted that AS is a
chronic inflammatory disease of endothelial cells caused by vari-
ous stress factors, such as homocysteine, Ang II, viruses, mechani-
cal damage, immune complexes, type oxidized low-density
lipoprotein (ox-LDL), the structure and function of damage, and
excessive chronic inflammatory reactions in blood vessels [34]. In
recent years, studies have found that many factors, such as oxida-
tive stress, the renin-angiotensin system, ox-LDL, homocysteine,
hyperglycemia and inflammatory factors, can cause endothelial
cell activation, dysfunction, loss of integrity and secretion dysfunc-
tion [35-37]. Excessive oxidative stress increases ROS levels in
endothelial cells; induces the expression of numerous adhesion
molecules, such as monocyte chemotactic protein 1 (MCP-1), inter-
cellular cell adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1) and E-selectin; promotes the adhesion of
monocytes to vascular endothelial cells; and causes tissue infiltra-
tion [38]. In addition, ROS increase intracellular calcium concentra-
tions, consume more ATP, increase mitochondrial burden, and
induce cell apoptosis [39,40].

NO, an important vasodilator, is important for maintaining
vasodilation and systole [41]. On the one hand, pathological stim-
ulation reduces eNOS levels in vascular endothelial cells, reduces
the synthesis and secretion of NO, and stimulates the production
of hypoxia-inducible factor 1 (HIF-1) and endothelin-1 (ET-1). On
the other hand, NO bioavailability decreases and plasminogen
activator inhibitor-1 (PAI-1) secretion increased in endothelial
cells. These effects can cause the vasodilatory response to weaken
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Fig. 1. Endothelial cells play important role in maintaining vascular homeostasis. COX, cyclooxygenase; AA, arachidonic acid; PGI2, prostaglandin 12; EDHF, endothelium-
derived hyperpolarizing factor; TXA2, Thromboxane A2; ET, endothelin; Ang II, Angiotensin II.



Q. Zhang, J. Liu, H. Duan et al.

or even disappear, increase platelet aggregation, induce the
enhancement of the endothelial procoagulant effect, and promote
the proliferation and migration of smooth muscle cells, thus pro-
moting thrombosis [42,43]. In addition, the nuclear factor kappa-
B (NF-xB) signaling pathway of endothelial cells is activated and
produces a wide range of proinflammatory factors, such as tumor
necrosis factor (TNF) o, interleukin (IL)-1, IL-8, IL-6, and matrix
metalloproteinases (MMPs), which contribute to endothelial dys-
function and lipid plaque formation in the intima [44]. In addition,
these inflammatory factors also promote the production of ROS
and adhesion molecules in endothelial cells, further exacerbating
endothelial injury [45]. Therefore, endothelial cell injury is gener-
ally characterized by increased production of reactive oxygen spe-
cies (ROS), apoptosis, persistent local inflammation, and increased
adhesion of monocytes.

Collectively, the inhibition of vascular endothelial injury seems
to be a feasible strategy for the treatment of AS. In fact, some clin-
ical drugs have protective effects on endothelial cells due to reduc-
ing oxidative stress and homocysteine and inhibiting the formation
of 0x-LDL, such as vitamin E, statins, coenzyme Q10, and probucol
[46-48]. However, AS treatment typically requires long-term med-
ication and therefore is expensive for the patient. In addition, dur-
ing long-term drug treatment, single-component chemicals may
cause side effects, such as hepatorenal toxicity and myositis, and
an increased risk of bleeding [49,50].

Nrf2/HO-1 signaling, oxidative stress and atherosclerosis

Nrf2 is a member of the Cap’n’collar (CNC)-BZIP transcription
factor family. Nrf2 contains six highly conserved domains and is
a key factor in regulating the oxidative stress response in cells.
Under normal physiological conditions, Nrf2 binds to Kelch-like
epichlorohydrin-related proteins (Keap1l) to form complexes.
These complexes are anchored by actin in the cytoplasm and are
in a low activity state. Under oxidative stress or other pathological
stimuli, the cysteine residue of Keap1 is modified to induce phos-
phorylation of Nrf2, which is released from the complex and
translocates to the nucleus, forming heterodimers (Nrf2-Maf) with
the Maf protein and Jun bZip transcription factors in the nucleus.
The sequence of antioxidant reaction elements (AREs) in the
nucleus can accurately identify NRF2-MAF and bind to the Neh4
and Neh5 domains of Nrf2. Then, with the help of the cAMP-
response element binding protein (CREB), transcription activators,
etc., Nrf2-mediated transcription process is initiated to regulate the
downstream gene expression; activate a series of antioxidant
enzymes and phase II antioxidant enzymes, such as HO-1, NAD
(P)H:quinone oxidoreductase (NQO1), superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px); remove ROS and other
harmful substances; and facilitate antioxidative stress, anti-
inflammatory, anti-apoptosis and other cell protection mecha-
nisms. In addition to Keap1, various protein kinases, such as
mitogen-activated protein kinases (MAPKs), protein kinase C
(PKC) and PI3K, induce phosphorylation of Nrf2 and participate
in Nrf2 transcription [51,52]. In an apolipoprotein E (ApoE)-ko
mouse model, Nrf2 plays an important role in lowering serum total
cholesterol and reducing atherosclerotic plaque [53,54]. Moreover,
Nrf2 deficiency in macrophages can promote the formation of foam
cells and aggravate AS. Reduced Nrf2 expression damages the func-
tion of endothelial progenitor cells, induces aging and increases the
risk of CVD [55,56]. HO-1, a phase II antioxidant enzyme regulated
by Nrf2, is an important inducible stress response protein that con-
verts hemoglobin to CO, Fe?", and biliverdin and reduces the above
products to bilirubin, thereby playing antioxidant, anti-
inflammatory, antiapoptotic and antithrombotic roles [57]. Studies
have reported that HO-1 overexpression inhibits AS in ApoE KO
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mice; in contrast, HO-1 deficiency causes the accelerated develop-
ment of AS lesions [58-60].

ECs are an important endocrine organ and are generally consid-
ered to participate in the pathological process of several diseases,
particularly CVDs, such as AS, heart failure and hypertension.
[61]. Importantly, increasing evidence has suggested that EC acti-
vation and dysfunction are initial steps in the development of AS,
and inhibiting EC injury seems to be a feasible strategy for the
treatment or prevention of CVDs [62]. Oxidative stress is a predom-
inant factor for EC activation and dysfunction, and apoptosis is a
major mechanism of oxidative stress-induced endothelial cell
injury [63]. HO-1 is a rate-limiting enzyme of heme that plays a
crucial role in the degradation and metabolism of heme. Currently,
accumulating studies have revealed that HO-1 can exhibit antiox-
idative potential to protect ECs from oxidative stress-induced
injury and further inhibit vessel remodeling and endothelial dys-
function. Activation and transcription of Nrf2 plays a pivotal role
in HO-1 expression [64,65]. Therefore, Nrf2/HO-1 signaling activa-
tion would be beneficial for protecting ECs from oxidative stress-
induced injury and controlling AS [65,66] (Fig. 2).

Protective effects of herbal medicine and its monomers on
vascular endothelial cells related to Nrf2/HO-1

Accumulating reports have comprehensively investigated the
effects of herbal medicines on AS, and it has been suggested that
extracts or monomers derived from natural herbal medicines
possess promising protective activities on VECs via activation of
Nrf2/HO-1 signaling. In the following section, the protective effects
of herbal medicine and its monomers on vascular endothelial cells
related to Nrf2/HO-1 are described (Tables 1-4, Fig. 3).

Extracts from herbal medicines

Herbal medicine formulas

In 2015, using H,0,-induced human umbilical vein endothelial
cells (HUVECs), Xiong et al. found that Xueshuan Xinmaining tablet
(XXT), a traditional Chinese medicine formula commonly used for
the treatment of cardiovascular diseases in the clinic, exerted a
protective effect on H,0,_stimulated HUVECs and reduced ROS
levels in HUVECs, and the potential mechanisms were correlated
with the regulation of Nrf2 and downstream protein expression
(HMOX, GCLM, NQO1) [67]. In 2016, Lv et al. studied the effects
of another classic traditional Chinese medicine (TCM) formula
named the Liuwei-Dihuang pill (LWDH) on Eahy926 cells and found
that serum of patients treated with LWDH promote the prolifera-
tion of Eahy926 cells and upregulate ERK phosphorylation and
HO-1 and Nrf2 expression in cells [68]. Later, based on the TNFa-
induced HUVEC model, researchers investigated two herbal medi-
cine formulas named Samul-Tang Tang (SMT) (also named Si-Wu
decoction) and Paeotang. Choi et al. reported that SMT could inhi-
bit NF-xB translocation and activation, the expression of CAMs,
monocyte adhesion, and ROS levels in TNF-o-stimulated HUVECs;
the potential molecular mechanisms are related to the upregula-
tion of Nrf2, HO-1 and NO [69]. Similarly, Kim et al. found that
under TNF-a stimulation, the levels of ROS, MMPs and adhesion
molecules in HUVECs were abnormally elevated; however, Paeo-
tang intervention could improve these changes by increasing HO-
1 and Nrf2 expression [70]. In 2019, Zhao et al. studied the treat-
ment effect of Huoxue capsule (HXC) on H,0, stimulated bEND.3
cells, and the results suggested that HXC increases the survival of
H,0,-stimulated bEND.3 cells, upregulates HO-1 expression, and
promotes Akt and Nrf2 phosphorylation and Nrf2 nuclear translo-
cation [71] (Table 1).
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Fig. 2. Nrf2/HO-1 signaling, oxidative stress and atherosclerosis.Nrf2, nuclear factor erythroid 2 related factor 2; HO-1, Heme Oxygenase 1; ROS, reactive oxygen species;
ADP, adenosine diphosphate; TXA2, Thromboxane A2.

Table 1
Protective effects of herbal medicine formulas on vascular endothelial cells.
Extracts Compositions Animal/cells Dose/ Effects Related molecular targets Refs.
Concentration . .
Up-regulation Down-regulation
XXT The roots of Ligusticum chuanxiong, the H,0, (200 uM) 50,100,200 Increasing cell survival;  Nrf2, HMOX, ROS 67
roots of Salvia miltiorrhiza, Whitmania induced -HUVECs  pg /mL Decreasing oxidative GCLM, NQO1
pigra, the roots of Ilex pubescens, Bovis stress

calculus, Moschus, the flowers of Sophora
Jjaponica, the folium of Panax ginseng,
Borneolum, Bufonis venenum

LWDH The roots of Rehmannia glutinosa, the Eahy 926 cells 5%, 10%, 20%  Increasing cell HO-1, p-ERK, 68
fructus of Cornus officinalis, the barks of LWDH proliferation Nrf2
Paeonia szechuanica, the roots of Dioscorea Medicated
poopsita, Poria, the roots of Alisma serum
orientale

SMT Angelica gigas, Ligusticum officinale, TNF-o (50 ng/mL) 10,30,50 Inhibiting NF-xB HO-1, Nrf2, ROS, ICAM-1, VCAM-1, 69
Rehmannia glutinosa, Paeonia lactiflora induced HUVECs pg/mL translocation and NO E-selectin; NF-kB-p65;

activation, and p-IkBa
expression of CAMs;

Inhibiting the adhesion

of monocytes;

Decreasing vascular

inflammation

Paeotang The roots of Glycyrrhiza glabra, the rhizome TNFo (10 ng/mL)  10,20,50 Decreasing oxidative HO-1, Nrf2 ROS, ICAM-1, VCAM-1, 70
of Zingiber officinale, the twigs of induced HUVECs pg/mL stress; Inhibiting the E-selectin, MMP-2,
Cinnamomum zeylanuicum, the roots of adhesion of monocytes; MMP-9, NF-kB-p65;

Salvia miltiorrhiza, the seeds of Prunus Decreasing vascular p-IkB, Keap1
persica, the barks of Paeonia szechuanica, inflammation

Poria cocos, the roots of Cynanchum

wilfordii

HXC The roots of Astragalus membranaceu, the H,0, (0.2 mM) 150,300,750 Increasing cell survival; HO-1, p-Akt, 71
seeds of Prunus persica, the flowers of induced bEND.3 pg/mL Decreasing oxidative Nrf2
Carthamus tinctorius, the roots of cells stress

Ligusticum chuanxiong, the roots of
Achyranthes bidentata, the roots of Paeonia
veitchii, the roots of Angelica sinensis, the
roots of Rehmannia glutinosa, the fructus
of Citrus aurantium, the roots of Platycodon
grandiflorum, the seeds of Ziziplus jujuba,
the roots of Glycyrrhiza glabra

HXC, Huoxue capsule; LWDH, Liuwei Dihuang Pill; SMT, Samul-Tang; XXT, Xueshuan Xinmaining Tablet.
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Table 2
Protective effects of herbal medicine extracts on vascular endothelial cells.
Extracts Animal/cells Dose/ Effects Related molecular targets Refs.
Concentration Up- Down-regulation
regulation

GTE PM, 5 (500, 100 pg/ml Decreasing oxidative stress; Reducing DNA damage; GSH, GR, ROS, MDA, Caspase-3, Caspase-7, 73
1000 pg/mL) Reducing cell death and apoptosis; Improving vascular SOD-1, HO-  VEGFA
Induced HUVECs permeability 1, CAT

KRG H,0, (100 uM) 0.5,2 mg/mL Decreasing oxidative stress; Reducing cell death HO-1,Nrf2  ROS 74
induced HUVECs

APV HG (25 mM) 10,30,50 pg/ml Inhibiting the adhesion of monocytes; Decreasing eNOS, HO-1, ICAM-1, VCAM-1, E-selectin, ROS, 75
induced - vascular inflammation Nrf2, p-Akt  NF-kB-p65, p-IkBa, Keap 1, MMP-
HUVECs 2, MMP-9

TSAR ox-LDL (100 pg/ 10,40,160 pg/mL  Increasing survival of HUVECs NO ET, LDH 76
mL) induced
HUVECs

EXS TNFo (10 ng/mL) 1,10,50 pg/mL Decreasing oxidative stress; Inhibiting the adhesion of SOD, HO-1, = ICAM-1, VCAM-1, E-selectin, NF- 77
induced HUVECs monocytes; Decreasing vascular inflammation Nrf2 KB-p65, p-IkBa

RBPC H,0, (200 uM) 25,50,100, Decreasing oxidative stress; Decreasing vascular Nrf2, NQO1, NOX4, ICAM1, CD39, CD73 78
induced HUVECs 200 pg/mL inflammation HO-1, eNOS

NAF HG (25 mM) 50,10,150,200 pg/ Decreasing oxidative stress; Decreasing vascular HO-1, Nrf2 ICAM-1, VCAM-1, E-selectin, NF- 79

induced HUVECs mL inflammation

KB-p65, p-IxBa, ROS

APV, Prunella vulgaris; EXS, Xanthoceras sorbifolia; GDE, Ganoderma tsugae; GR, Glutathione Reductase; NAF, Nepeta angustifolia; RBPC, Rice Bran Phenolic Compounds;

SMT, Samul-Tang; TSAR, Total saponins of Anemone raddeana Regel.

Table 3
Protective effects of polysaccharides on vascular endothelial cells.
Extracts Animal/cells Dose/ Effects Related molecular targets Refs.
Concentration Up-regulation Down-regulation
ASTP H,0, (200 uM) induced 100, 200, 300 uM Increasing cell survival; HO-1, KLF2, Nfr2, p-MEK, p-ERK ROS, P53, p21, Bax, 80
HUVECs Reducing cell apoptosis Caspase 9, Caspase 3
AMCP H,0,(300 uM) 25-150 pg/mL Reducing cell apoptosis NO, SOD, CAT, MMP, PI3K, Akt, ROS, MDA, Bax 81
Induced HUVECs FOXO03a, Nrf2, HO-1, Bcl-2
ASP ox-LDL (200 pg/mL) 10,20,40 pg/mL Increasing cell survival eNOS, NO, VEGF, Akt LDH, 82

induced HUVECs

AMP, polysaccharide from Athyrium Multidentatum (Doll.) Ching; ASP, Angelica Sinensis Polysaccharide; ASTP, Astragalus polysaccharide; EXS, Xanthoceras sorbifolia.

Plant extracts

In 2009, Wei et al. studied the effect of Ganoderma tsugae
extracts (GTE) on bovine artery endothelial cells (BAECs) and found
that GTE could promote the translocation of Nrf2 to the nucleus in
BAECs and induce the expression of Ho-1 and thioredoxin
reductase-1 (TrxR1). Finally, they identified a major active ingredi-
ent in GTE, namely F5-2, which a peptidoglycan-like compound
[72]. In addition, it has been reported that long-term GTE therapy
upregulates GSH, SOD-1 and HO-1; decreases vascular permeabil-
ity; and alleviates the genotoxicity and apoptosis caused by PM, s
in endothelial cells [73]. Korean red ginseng (KRG) is a food and
drug with various pharmacological activities. Yang et al. found that
extracts of KGR (KGRE) had a significant inhibitory effect on H,0,-
induced apoptosis in HUVECs and reduced ROS levels in cells. In-
depth studies found that the mechanism of action was related to
the regulation of the Nrf2/Ho-1 pathway [74]. Prunella vulgaris is
a known herbal medicine in China with the functions of clearing
heat, dispersing swelling and dissipating binds. In 2012, Huang
reported that aqueous extracts of Prunella vulgaris (APV) inhibit
the adhesion of HL-60 cells to HUVECs under high glucose (HG)
stimulation. Further mechanistic investigations revealed that APV
reduces ROS and the expression of ICAM-1, VCAM-1, and E-
selectin. In addition, APV also suppresses the activation of NF-kB
p65 and induce the phosphorylation of Akt and the activation of
HO-1, eNOS and Nrf2 [75]. Han et al. investigated the effects of
the total saponins of Anemone raddeana Regel (TSAR) on ox-LDL-
induced HUVECs, and the results revealed that TSAR increases
the survival of ox-LDL-induced HUVECs, decreases LDH, and
increases NO and ET [76]. Another study by Yoon et al. reported
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that extracts of Xanthoceras sorbifolia (EXS) improve the oxidative
stress in HUVECs induced by TNF-a in cytoplasmic fractions and
Ho-1 protein levels in nuclear fractions and inhibits the nuclear
translocation of NF-kB and the binding of [xBot [77]. Similarly, phe-
nolic extracts derived from rice bran (RBPC) also have a protective
effect on H,0,-stimulated HUVECs. The mechanism is related to
the downregulation of ICAM1, CD39, CD73, and NOX4 expression
and upregulation of Nrf2, NQO1, Ho-1, and eNOS expression, indi-
cating that RBPC alleviates endothelial dysfunction through its
antioxidant and anti-inflammatory activities [78]. In 2019, Huang
et al. showed that Nepeta angustifolia (NAF) has a protective effect
on HG-induced HUVEC injury by reducing IkBo phosphorylation,
inhibiting ROS production, increasing HO-1 protein levels and
inducing Nrf2 translocation to the nucleus [79] (Table 2).

Polysaccharides

Polysaccharides are polysugar macromolecular carbohydrates
that are bonded by multiple monosaccharides and glycosidic
bonds. Polysaccharides are widely distributed in nature and have
a variety of pharmacological activities, such as antitumor,
immunoregulatory, and anti-inflammatory activities. Currently,
an increasing number of studies have reported that polysaccha-
rides derived from natural medicines could be beneficial for the
treatment or prevention of CVDs. Astragalus polysaccharide (ASTP)
reduces ROS generation and the expression of Baz, Caspase-9 and
Caspase-3, increases HO-1 and Nrf2 expression, inhibits cell apop-
tosis, and effectively protects HUVECs from H,O, stimulation.
KLF2, a transcription regulatory protein, primes Nrf2 for activation
in endothelial cells, and the authors also found that ASTP can
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Table 4
Protective effects of monomers from herbal medicine on vascular endothelial cells.
Classification/ Chemical Structure Animal/cells Dose/ Effects Related molecular targets Ref
Monmers Concentration . .
Up-regulation Down-regulation
Phenylpropanoids
CINM CHO HG (30 mM) induced- 10 uM Protecting the endothelium relaxation; Decreasing oxidative NO, Nrf2, HO-1, NQO1, ROS, Nitrotyrosine 86
7 HUVECs; HG (30 mM)- stress CAT, GPx-1
C57BL/6] mouse aortic
rings
H,0, (350 uM) and TNF-o0 20 uM Inhibiting the adhesion of monocytes; Increasing cell survival; HO-1, Nrf2, p-p38 VCAM-1, ROS, c-PARP, 87
(10 ng/mL) induced- Reducing cell apoptosis; Decreasing vascular inflammation NF-kB-p65
HUVECs
Ferulic Acid HO 10 Gy of 60Co source 0.2,1,5uM Increasing cell survival; Decreasing oxidative stress GSH, NADPH, Nrf2, ROS 88
chom(o” (1.64 Gy/min) induced- GCLC, GCLM, NQO1,
o HUVECs HO-1
Caffeic acid o HG (25 mM) induced- 10 nM Increasing cell survival; Decreasing oxidative stress; Inhibiting SOD, TAA, GSH, Nrf2, ROS, NF-xB-p65, E- 89
HOD/\/\LOH HUVECs the adhesion of monocytes HO-1 selectin
HO
MCGA3 HsCO_CcooH t-BHP (1 mM) induced- 0-200 uM Increasing cell survival; Decreasing oxidative stress HO-1, Ferritin, GCL, GR, ROS/LDH 90
i - HUVECs; GST, GSH, GSSG, Nrf2,
i OJ\/\@(;H H,0, (0.1 mM) induced- p-JNK, p-ERK
HUVECs
Echinacoside HO, HG (30 mM) induced- 200 uM Decreasing oxidative stress eNOS, HO-1, p-Akt, ROSFyn 91
“‘i&i - HUVECs Nrf 2
HO! OH
‘o HO ozj’)_ >/:
O 0
NOW o oH
wd oH
Sal B OH t-BHP (800 puM) induced 50-400 UM Reducing oxidative stress; activating Keap1-Nrf2-ARE HO-1, NQO1, Nrf2 LDH, Keap1 92
OH  EA.hy926 cells signaling
HO. 2 0.0 HO
Homo N @ oH
OH
(o}
H
SchB d o- LPS (1 pg/mL) induced- 10, 20, 40 uM Inhibiting the adhesion of monocytes; Decreasing vascular Nrf2, HO-1 TNF-a, IL-8, VCAM-1, 93
" HUVECs inflammation ICAM-1, NF-kB-p65,
o ~& O p-IkBat
e @
Sauchinone H HG (25 mM) induced- 5,10,20,50 uM  Decreasing vascular inflammation HO-1, Nrf2 ROS, VCAM-1, ICAM-1, 94
HUVECs NF-kB-p65, p-licBot
7-HMR TNF-o (20 ng/mL) 100 pM Decreasing vascular inflammation; Decreasing oxidative stress  SOD1, Nrf2, HO-1 IL-6, VCAM-1, NLRP3, 95
induced-RAECs iNOS, NF-xB-p65, ROS,
Keap1, p-ERK
Curcumin o’ OH Co60 v rays (Theratron 5 uM Inhibiting the adhesion of monocytes; Reducing DNA damage;  Nrf2, GSH ICAM-1, VCAM-1, 97
HO O O o 780, 0.6 Gy/min) induced- Decreasing vascular inflammation E-selectin, NF-xB-p65,
2 ~ [ HUVECs IL-6, IL-8, MCP-1, 8-
§ 0o

(continued on next page)
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Table 4 (continued)

Classification/ Chemical Structure Animal/cells Dose/ Effects Related molecular targets Ref
Monmers Concentration R .
Up-regulation Down-regulation
OHdG, TBARS
Flavonoids
Anthocyan H,0,(400 pmol/L) 50,100 pg/mL Reducing cell apoptosis; Decreasing oxidative stress NO, SOD, GSH-PX, HO- ROS, MDA, TNF-qa, IL-6, 101
induced-bEND.3 cells 1, Nrf2 LDH
Hyperoxia (02 32%) 20% Increasing cell survival HO-1, Nrf2, NQO1, 102
induced-HUVECs p-ERK1/2
C3G PA (100 pM) induced- 20,50 pM Improving insulin resistance and vascular inflammation; Nrf2, HO-1, p-Akt, ET-1, PAI-1, p-IRS-1, p- 103
HUVECs Increasing vasodilatory activity p-eNOS IKK-B, p-JNK
TNF-o (20 ng/mL) 20,40 uM Increasing cell survival; Decreasing vascular inflammation and SOD, GSH, HO-1, GSSG, NF-xB-p65 104
induced-HUVECs oxidative stress NQO1, Nrf2, p-ERK
PA (100 pM) induced- 20,50 pM Increasing cell survival; Inhibiting monocytes adhesion; Nrf2, HO-1,NQO1,GSH ROSVCAM-1, E- 105
HUVECs Decreasing vascular inflammation and oxidative stress selectin, NF-kB-p65,
Bch1
ECC H,0, (100 uM) induced- 10 uM Decreasing oxidative stress HO-1 ROS 106
HUVECs
EGCG microcystin-LR (40 pM) 50 uM Reducing cell apoptosis; Inhibiting mitochondrial dysfunction MMP, Nrf2, HO-1 Cyt ¢, Caspase 3, 107
induced-HUVECs Caspase 9
Ang 11 (400 nmol/L) 200 uM Increasing cell survival; Reducing cell apoptosis; Decreasing SOD, CAT, GST, GPx, ROS, MDA, Cyt c, 108
induced-HUVECs oxidative stress; Inhibiting mitochondrial dysfunction MMP, Nrf2 Caspase-3, Caspase-9,
NOX
IL-1B (2 ng/mL) induced- 100 uM Decreasing oxidative stress; Decreasing vascular inflammation HO-1, SOD, Nrf2f ROS, NF-kB-p65, p- 109
HUVECs IkBa, COX-2, PGE,, GPx
PM2.5(200 pg/mL) 50,100,200 Increasing cell survival; Decreasing oxidative stress HO-1, Nrf2 ROS 110
induced-HUVECs pg/mL
Endothelial cells of porcine 30 pM Increase bilirubin production HO-1, Nrf2 111
aorta
DHMT Ox-LDL (70 pg/mL) 40 uM Increasing cell survival; Reducing cell apoptosis; Decreasing MMP, SOD, CAT, GSH-  ROS, MDA, Caspase 3, 112
induced-HUVECs oxidative stress Px, Bcl2, Nrf2, HO-1, p-  Caspase 9, Bax, LOX-1,
ERK, p-Akt Cyt ¢
PA (300 pM) induced- 0.1,0.5,1 uM Increasing cell survival; Reducing pyroptosis; Decreasing Nrf2, HO-1, NQO1 ROS, Caspasel, IL-1B, 113
HUVECs vascular inflammation NLRP3, p20, ICAM-1
Kaempferol ox-LDL (100 pg/mL) 50 pg/mL Increasing cell survival; Reducing cell apoptosis; Decreasing SOD, p-AMPK, Nrf2, TNF-a, IL-1B, IL-6, ROS, 114
induced-HUVECs oxidative stress; Decreasing vascular inflammation HO-1, Bcl-2 Caspase3, ICAM-1,
VCAM-1, E-selectin
Fisetin H,0,(300 uM) induced- 5,10,25 uM Increasing cell survival; Decreasing oxidative stress; Reducing HO-1, Nrf2, HO, ARE 115
HUVECs cell death
Myricitrin H,0, (600 uM) induced- 16,32,64 uM Reducing cell apoptosis; Decreasing oxidative stress SOD, NO, Bcl-2, ERK ROS, LDH, MDA, Bax, 116
ECV-304 cells Caspase-9, Caspase-3,
p-ERK
Rutin H,05(200 uM) induced- 1,3,10,30 uM Decreasing oxidative stress Nrf2, GCLC TrxR1, NF-kB-p65, HIF 114

HUVECs
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Table 4 (continued)

Classification/ Chemical Structure Animal/cells Dose/ Effects Related molecular targets Ref
Monmers Concentration . .
Up-regulation Down-regulation
Eriodictyol OH H,0, (300 uM) induced- 10 uM Decreasing oxidative stress; Reducing cell death HO-1, HO, p-ERK Nrf2, ROS 118
HUVECs ARE
Apigenin AGEs (500 pg/mL) 10 uM Decreasing oxidative stress; Decreasing vascular inflammation  Nrf2, GCLM, GCLC, ROS, MCP-1, IL-6, 119
induced-HUVECs HO-1 ICAM1, TGF-p1,
P22PhX RAGE, p-ERK,
NF-xB-p65
Naringenin HG (33 mM)/FFA(1 mM) 0-100 pM Reducing cell apoptosis HO-1, p-Akt, p-ERK, p- 120
induced-HUVECs JNK, Nrf2
Baicalin HG (22 mM) induced- 50 uM Reducing cell apoptosis; Decreasing oxidative stress; Bcl2, Nrf2, NQO1, Caspase3, Bax, IL-18, 121
HUVECs Decreasing vascular inflammation NQO2, HO-1, CAT, SOD, IL6, IL8, TNF-a, n-Fyn
p-Akt, p-GSK3B
Genistein ox-LDL (100 mg/mL) 1,10 uM Increasing cell survival; Decreasing vascular inflammation HO-1, Nrf2, HO MCP-1, VCAM-1, ICAM- 122
induced-HUVECs 1
Equol t-BHP (50 uM)/ 1, 10, 100 nM Alleviating AS plaque formation; Increasing cell survival; Nrf2, NQO1 Caspase3, p-elF2a, p- 123
thapsigargin (1 uM)/ PA Reducing cell apoptosis; Attenuating ER stress PERK, GRP78, CHOP,
(500 pM) induced- ATF6
HUVECs apoE™" mice
Phloretin PA (100 pM) induced- 1,10, 50 pM Decreasing oxidative stress MMP, SOD, Gpx-1, p- ROS, MDA 124
HUVECs LKB1, p-AMPK, Nrf2,
HO-1
Euxanthone ox-LDL (100 pg/mL) 5,10 pM Increasing cell survival; Reducing cell apoptosis; Decreasing Bcl2, MMP, SOD, CAT, MDA, ROS, Caspase 3, 125
induced-HUVECs oxidative stress; Decreasing vascular inflammation GSH-Px, Nrf2, HO-1, PARP, Bax, Cyc c,
NQO1, p-ERK, p-P38, Keap1, MCP-1, IL-1B,
p-JNK TNF-ot
XAG ox-LDL (100 pg/mL) 5 uM Increasing cell survival; Reducing cell apoptosis; Decreasing Bcl2, CAT, SOD, GSH- MDA, ROS, Caspase 3, 126
induced-HUVECs oxidative stress Px, Nrf2, HO-1, NQO1 PARP, Bax, Keap1
Terpenoids
PMA _ ox-LDL (70 pg/mL) 10 pumol/L Reducing cell apoptosis; Decreasing oxidative stress SOD, Nrf2, HO-1, MDA, ROS, Bax 129
induced-HUVECs Caspase 3, Bcl2
Celastrol M Ang II (400 nM) induced- 50 nM Increasing cell survival; Reducing cell apoptosis; Decreasing SOD, GSH-Px, p-ERK, MDA, ROS, IL-6, TNF-a, 130
0= HUVECs oxidative stress; Decreasing vascular inflammation Nrf2 VCAM, NADPH oxidase,
NOX2, AT,
Oleanolic acid ox-LDL (200 pg/mL) 5,10,20 umol/L  Increasing cell survival; Decreasing oxidative stress; HO-1, Nrf2 ROS, LOX-1, MADPH 131

induced-HUVECs HFD-
quails

25, 50 mg/kg

Alleviating AS plaque formation

(continued on next page)

I 32 upng “H ‘i1 [ ‘Subyz O

£9-¢F (1202) BE Yo1pasay paouvapy fo [puinof



[4

Table 4 (continued)

Classification/ Chemical Structure Animal/cells Dose/ Effects Related molecular targets Ref
Monmers Concentration R .
Up-regulation Down-regulation

Maslinic acid LPS ((1 pg/mL) induced- 2,5,10,20 uM Decreasing oxidative stress; Decreasing vascular inflammation NO, HO-1, Nrf2, ARE COX-2,iNOS, PGE2, NF- 132
HUVECs KkB-p65, IL-1B, p-STAT1

ASD IV ox-LDL (100 pg/mL) 10,20,50 M Increasing cell survival; Reducing cell apoptosis; Inhibiting Nrf2, HO-1 MDA, ROS, NADPH 133
induced-HUVECs cell migration; Decreasing vascular inflammation oxidase, TNF-a, IL-6

GSD Rgl PM2.5 (400 pg/mL) 2.5,10,40 pg/ Increasing cell survival; Decreasing oxidative stress HO-1, Nrf2 MDA, ROS 134
induced-HUVECs mL

ADH o TNF-o (1 ng/mL) induced- 7.5 uM Inhibiting the adhesion of monocytes; Decreasing vascular GSH, GCLM, HO-1, p- ROS, ICAM-1 135

RN s EA.hy926 cells inflammation Akt, p-ERK, Nrf2, c-Jun
. CoCl; (200 pM) induced- 1.8,3.75,7.5 unM  Decreasing vascular inflammation HO-1, PHD, Nrf2 ROS, HIF-1a, ET-1, p-38 136

EA.hy926 cells

Gau A H,0, (100 uM) induced- 0.1,0.5,1,10 pM  Decreasing vasoconstriction eNOS ET, iNOS 137
HUVECs

ZAD Ox-LDL (150 pg/mL) 20 pg/mL Increasing cell survival; Decreasing oxidative stress; SOD, /Nrf2, HO-1, MDA, ROS, LOX-1, IL- 138
induced-HUVECs Decreasing vascular inflammation NQO1 1B, MCP-1, TNF-a,

Keap1

Lycopene Strain (20% in length, 1 Hz) 3 uM Decreasing oxidative stress HO-1, Nrf2, p-Akt ROS, ET-1, p22, NADPH 139
induced-HUVECs oxidase, p-ERK

Alkaloids

Oxymatrine HCS (3 mM) induced- 0.1,0.3,0.6 uM  Decreasing oxidative stress; Increasing cell survival; Reducing NO, SOD, MMP/, Bcl2, MDA, ROS, LDH, Bax, 141
HUVECs cell apoptosis Nrf2, p-Akt, p-eNOS Caspase 9, Caspase 3

Corynoline LPS (10 ng/ml) induced- 1,2,4uM Increasing cell survival; Decreasing vascular inflammation HO-1, Nrf2 TNF-a, IL-6, IL-8, 142
HUVECs VCAM-1, ICAM-1, NF-

KkB-p65, p-IkBa

Berberine H,0; (200 M) induced- 5,10 uM Reducing cell apoptosis Nrf2, HO-1 ROS 143
HUVECs

BITC Ox-LDL (40 pg/mL) 2,5,10 yM Inhibiting the adhesion of monocytes; Decreasing vascular HO-1, GCLC, GCLM, ROS, ICAM-1, VCAM-1, 144

induced-HUVECs

inflammation; Decreasing oxidative stress

GSH, Nrf2, ARE-driven

E-selectin/, NF-xB-p65,
p-IxBa
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Table 4 (continued) ﬁ
=
Classification/ Chemical Structure Animal/cells Dose/ Effects Related molecular targets Ref 0%
Monmers Concentration . . hay
Up-regulation Down-regulation =
PEITC ° w Ox-LDL (40 pg/mL) 2,5,10 yM Inhibiting the adhesion of monocytes; Decreasing vascular HO-1, GCLC, GCLM, ROS, ICAM-1, VCAM-1, 145 ;
Coy induced-HUVECs inflammation; Decreasing oxidative stress GSH, Nrf2, ARE-driven  E-selectin, NF-kB-p65, .
p-IxkBa g
Lotusine OH H,0, (400 uM) induced- 100 pM Increasing cell survival NOS, NO 145 :
O ECV304 N
HsCO e =
HO O
Liensinine OH H,0, (400 uM) induced- 0.1 uM Increasing cell survival NOS, NO 145
ECV304
T ) SN
o
o
o OH
Isoliensinine N H,0, (400 uM) induced- 0.1 uM Increasing cell survival NOS, NO 145
_N O 5 ECV304
HO
SO Q
HO N
Be
Neferine o~ H,0, (400 uM) induced- 0.1 uM Increasing cell survival NOS, NO 145
ECV304
W
o
o e
o OH
SFN s 0 Ang II (400 nM) induced- 2 uM Increasing cell survival; Reducing cell apoptosis; Inhibiting MMP, SOD, CAT, GSH, ROS, MDA, Cyt ¢, LDH, 146
‘C:N/\/\/S\ HUVECs mitochondrial dysfunction; Decreasing oxidative stress Nrf2, HO-1 Caspase 3, Caspase 9,
NADPH oxidase, GSSG
Stilbenes
Pterostilbene  —Q US induced-HUVECs 5,10,50 uM Decreasing oxidative stress; Increasing cell survival; SOD, CAT, eNOS, HO-1, MDA, NADPH oxidase, 148
Q Decreasing vascular inflammation Nrf2 iNOS,IL-1B, TNF-a,
N Hon MCP-1, VCAM-1,
—© Keap1, NOX
AS-rat H,0,(300 pM) Decreasing oxidative stress; Increasing cell survival; Reducing Nrf2, p-AMPK STAT3 149
induced-HUVECs cell apoptosis; Reducing AS plaque size; Inhibiting of vascular
wall apoptosis
Resveratrol HO H,0, (300 uM) induced- 5,10,20 uM Decreasing cell apoptosis; Activating PI3K-Akt-mTOR SOD, GSH, p-Akt, p- ROS, MDA, LDH, 150,151
Q \ HUVECs pathway; Decreasing oxidative stress; mTOR, p-Nrf2 Caspase-3,
. O OH
Quinones
Miltirone o ox-LDL (120 pg/mL) 0.5, 1,2 uM Increasing cell survival; Decreasing oxidative stress Nrf2, ARE, HO-1, ROS, Keap1 152
o ‘ induced-EA.hy926 cells NQO1, SOD, GST, p-
ERK, p-JNK

(continued on next page)
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Table 4 (continued)

Classification/ Chemical Structure Animal/cells Dose/ Effects Related molecular targets Ref
Monmers Concentration R .
Up-regulation Down-regulation
Tanshinone HG (20 mM) induced- 10,30,50 pg/mL  Improving oxidative stres; Reducing lipid peroxidation and NOS, SOD ROS, ROCKI 153
1A HUVECs MDA; Enhancing activity of antioxidant enzyme; Increasing
release of NO via regulation of Rho/Rho kinase system
Others
Withaferin A HUVECs EA.hy926 1uM Increasing survival of HUVECs HMOX1, HO-1, Nrf2 Keap1 154
Z-Ligustilide TNF-o (50 ng/ml) induced- 1, 3, 10 pM Inhibiting the adhesion of monocytes; Decreasing vascular NO, Nrf2, HO-1 ROS, ICAM-1, VCAM-1, 155
HUVECs inflammation E-selectin, NF-kB-p65,
\ p-IxkBa
0 t-BHP (200 pM) induced- 100pM, 20 mg/ Increasing cell survival; Decreasing oxidative stress; GSH, Nrf2, GCLM, HO-  GSSG, RO, Keap1 156
EA.hy 926cells; kg Alleviating AS plaque formation 1, NQO1, SOD1, SOD2,
HFD- Ldlr~/~mice (C57BL/ CAT, GCLC, ARE-driven
6]Nju)
Salidroside HO 0.0 H,0, (300 uM) induced- 0.1,1,10 uM Increasing cell survival; Decreasing oxidative stress SOD, CAT, Nrf2, HO-1, ROS, MDA 158
worqv\@\on HUVECs NQO1
H AGEs (200 pg/mL) 0.1,1,10 uM Protecting the endothelium relaxation; Decreasing oxidative NO, Nrf2, HO-1, NF-xkB-  ROS, Keap1 159
induced-HUVECs stress; Decreasing vascular inflammation p65
Vanillic acid OH PA (100 pM) induced- 1,10,20 uM Decreasing oxidative stress CAT, SOD, MMP, HO-1, ROS, MDA 160
° % , HUVECs Nrf2, p-LKB1, p-AMPK,
o SIRT1, PGC-1a
OH
PCA OH PA (100 pM) induced- 100 uM Decreasing oxidative stress; Increasing the mitochondrial SOD, HO-1, Gpx-1, p- ROS, MDA 161
HO )_O o HUVECs density LKB1, p-AMPK, Nrf2,
¢} PGC-1a
Salicin HO oH TNF-o (10 ng/mL) 50 and 100 pM  Inhibiting cellular senescence; preventing cell cycle arrest; Nrf2 SAB-Gal, P21, ROS, PAI- 162
Ho,;(l)o\t : induced-HUVECs; Decreasing oxidative stress 1, P53
H,0; (100 uM) induced-
hO i o HUVECs
Allicin S LPS (1 pg/mL) induced- 40 pg/mL Increasing cell survival; Reducing cell apoptosis; Inhibiting SOD, CAT, GST, GPX, ROS, MDA, Cyt ¢, TNF- 163
— ,\/S—\_ HUVECs mitochondrial dysfunction; Inhibiting the adhesion of MMP, LXRa, Nrf2 o, IL-8, NF-KB-p65
0 — monocytes; Decreasing oxidative stress; Decreasing vascular
inflammation
STZ-induced mice; 30 mg/kg/d Increasing cell survival; Reducing cell apoptosis; Decreasing Bcl2, Nrf2 TNF-o, VCAM-1, Inos, 164

HG (30 mM) induced-
HUVECs

10 pg/mL

vascular inflammation

MMP-2, MCP-1,
Caspase 3, Bax, NF-xB-
p65
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AMP, polysaccharide from Athyrium Multidentatum (Doll.) Ching; ASP, Angelica Sinensis Polysaccharide; ASTP, Astragalus polysaccharide; EXS, Xanthoceras sorbifolia 7-HMR, (—)-7(S)-hydroxymatairesinol; ADH, Andrographolide;
ASD 1V, Astragaloside IV; BITC, Benzyl isothiocyanate; C3G, Cyanidin-3-O-glucoside; CFA, Caffeic acid; CINM, Cinnamaldehyde; DHMT, Dihydromyricetin; ECC, (—)-epicatechin; EGCG, Epigallocatechin-3-gallate; ET, endothelin;
FAD, Ferulic Acid; FFA, free fatty acids; Gau A, glaucocalyxin A; GSD Rg1, Ginsenoside Rg1; HCS, Homocysteine; HFD, High fat diet; HG, high glucose; MCGA3, 3-0-caffeoyl-1-methylquinic acid; MSA, Maslinic Acid; OLA, Oleanolic
acid; PA, palmitic acid; PCA, Protocatechuic acid; PEITC, phenethyl isocyanate; PMA, Pachymic acid; RAECs, rat aortic endothelial cells; Sal B, Salvianolic acid B; SchB, Schisandrin B; SFN, (—)-Sulforaphane; STZ, Streptozotocin; t-
BHP, tert-butyl hydroperoxide; US, uraemic serum; VNA, Vanillic acid; XAG, Xanthoangelol; ZAD, Zedoarondiol.
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Fig. 3. The possible molecular mechanisms for herbal medicines to protect vascular endothelial cells via activation of Nrf2/HO-1 signaling.

increase KLF2 expression [80]. Similarly, polysaccharides from
Athyrium multidentatum (AMP) increase the survival rate of H,0,-
damaged HUVECs, reduce ROS production, and enhance SOD and
CAT activity. In addition, pretreatment with AMP increases the
Bcl-2/Bax ratio and reduces the mitochondrial membrane poten-
tial. Furthermore, AMP increases FOX03a levels, upregulates the
expression of PI3K and Akt genes, and increases the expression
levels of Nrf2 and Ho-1 genes [81]. Currently, another study by
Liu et al. revealed that Angelica sinensis polysaccharide (ASP)
increases the survival of ox-LDL-induced HUVECs; increases eNOS,
NO, VEGF and Akt; and decreases LDH in ox-LDL-induced HUVECs
[82] (Table 3).

Monomers from herbal medicines

Phenylpropanoids

Phenylpropanoids, a class of secondary metabolite compounds
produced in natural plants that contain a representative phenyl
group, possess a wide spectrum of bioactivities, including antitu-
mor, anti-inflammatory, antibacterial, antioxidant and cardiovas-
cular activities [83,84]. Cinnamaldehyde (CINM), a classical and
simple phenylpropanoid, is a major constituent of Cinnamomum
cassia [85]. In 2015, Wang et al. demonstrated that CINM reduces
ROS production and increases NO levels in endothelial cells of aor-
tae treated with HG. In addition, CINM preconditioning increases
the activity of HG-induced HUVECs and upregulates the expression
of Nrf2 and its downstream genes, such as HO-1, NQO1, glu-
tathione peroxidase (GPx)-1 and CAT [86]. Furthermore, in another
recent study, CINM exhibits an inhibitory effect on H,0,-induced
apoptosis in HUVECs, and the protective effect of CINM on HUVECs
could be blocked by a HO-1 inhibitor. In addition, CINM also acti-
vates Nrf2, and this effect could be blocked by siRNA against
Nrf2. These results suggest that CINM exerts protective effects on
H,0,-induced HUVECs through the Nrf2/HO-1 signaling pathway
[87]. Ferulic acid and caffeic acid are two other classical and simple
phenylpropanoids that comprehensively exist in natural plants,
and the two compounds possess similar structures. In the cell
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models of 5°Co-induced HUVECs and HG-induced HUVECs, respec-
tively, the two compounds increase the survival of HUVECs and
reduce the ROS levels in cells. The possible mechanisms of both
compounds corresponding to their protective effects on HUVECs
are related to the activation of Nrf2/HO-1 [88,89]. In addition, a
previous study showed that 3-O-caffeoyl-1-methylquinic acid
(MCGA3), a new antioxidant obtained from bamboo leaves, pro-
tects HUVECs induced with t-BHP or H,0, from ROS-induced
endothelial injury and upregulates HO-1 expression via the nuclear
translocation of Nrf2 [90]. Echinacoside is a compound derived
from the medicinal plants Cistanche and Echinacea. Research has
found that this compound can protect HUVECs induced by HG by
reducing ROS production, reducing Fyn protein levels in the
nucleus, and inducing Nrf2 nuclear translocation and HO-1 expres-
sion. However, these effects can be blocked by Nrf2 siRNA. The
author also found that Akt inhibitor intervention could also block
the regulation of echinacoside on Nrf2, suggesting that the Akt
pathway is involved in the protection of endothelial injury of echi-
nacoside [91]. In 2020, Guo et al. reported that salvianolic acid B
(Sal B), an active compound isolated from the known TCM of Salvia
miltiorrhiza, possessed protective effects against t-BHP-induced
vascular endothelial cell EA.hy926 injury via activation of the
Keap1-Nrf2-ARE pathway [92]. Inflammatory mediators can cause
endothelial cell damage and destroy the integrity of the vascula-
ture. Lin et al. found that schisandrin B (SchB) inhibits the release
of TNF-o. and IL-8 in HUVECs induced by LPS, reduces the binding
of VCAM-1 and ICAM-1 in the cells and simultaneously inhibits
NF-xB P65 and IxkBo phosphorylation. However, the anti-
inflammatory effect of SchB are blocked by an Nrf2 inhibitor
[93]. Sauchinone is a lignan extracted from Saururus chinensis,
and previous work suggested that this natural monomer improves
the vascular inflammatory reaction by suppressing cell adhesion
molecules, such as VCAM-1 and ICAM-1, in high glucose-induced
HUVECs. A further study revealed that sauchinone inhibited the
degradation of IkB and the nuclear translocation of NF-kB p65 as
well as the activation of HO/Nrf2 in HG-induced HUVECs [94].
Similarly, (-)-7(S)-hydroxymatairesinol ~ (7-HMR) inhibits
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TNF-o-induced inflammatory mediators, such as the expression of
VCAM-1, IL-6, and iNOS, and further studies have found that its
anti-inflammatory mechanism is related to the promotion of
Keap1l degradation and upregulation of HO-1 and Nrf2 [95].
Ionizing radiation causes chronic oxidative stress, leading to cell
inflammation and vascular damage, which is one of the potential
risk factors for CVD [96]. Curcumin is a known natural compound
with many bioactivities, particularly antitumor, antioxidant and
anti-inflammatory activities. Soltani et al. found that curcumin
(nanoformulation) exerted a protective effect on HUVEC damage
caused by ionizing radiation and inhibited the adhesion between
endothelial cells and monocytes, suggesting that curcumin repre-
sents a potential preventive agent against inflammation and vascu-
lar damage induced by ionizing radiation [97] (Table 4).

Flavonoids

Flavonoids are widely distributed in natural plants and herbs
with greater than 4000 natural flavonoids found in plants and ber-
ries [98,99]. Flavonoids are often used as drugs to treat various dis-
eases, such as cancer and cardiovascular diseases, as well as aging.
Humans also obtain flavonoids in their diet as supplements to the
body in everyday life. In recent years, flavonoids have also been
used to prevent and treat AS-related diseases.

Anthocyanins are common compounds existing in natural
plants with promising bioactivities and are also mainly responsible
for the blue, purple, and red color of the fruits, flowers, and leaves
[100]. Anthocyanin is a representative anthocyanin in plants that
enhances the activity of H,0,-stimulated HUVECs, reduces the
release of ROS and inflammatory factors, and increases the expres-
sion of Nrf2 and Ho-1 proteins, demonstrating that anthocyanin
may play an antioxidant role by upregulating Nrf2/HO-1[101]. In
2012, a study reported that HUVECs pretreated with human antho-
cyanin medicated serum (hAMS) seemed to be more resistant to
mild hyperoxia stimulation, suggesting that hAMS has a protective
effect against mild hyperoxia-induced cell damage. Further mech-
anistic studies found that hAMS significantly increased the nuclear
levels of the transcription factor Nrf2, and HO-1 and NQO-1
expression showed similar trends. In addition, hAMS also induces
phosphorylation of ERK; ,. However, the selective pharmacological
inhibitor of mitogen-activated protein kinase kinase (MAPKK),
PD98059, severely inhibits the protective effect of hAMS and
Nrf2 localization, indicating that the MAPK cascade is directly
involved in the activation of the Nrf2/ARE pathway in hAMS
[102]. Cyanidin-3-0-glucoside (C3G) is another active anthocyanin
that protects HUVECs from TNF-a-induced damage by improving
the antioxidant system and activating the Nrf2/ARE pathway
[103]. In 2016, Deborah et al. also found that C3G improves the
oxidative stress status of HUVECs exposed to palmitate (PA), signif-
icantly increases Nrf2 nuclear accumulation, decreases Bachl
nuclear accumulation, and induces HO-1 and NQO-1 gene expres-
sion. In addition, when the NF-kB pathway was inhibited with
wedelolactone (an IKK inhibitor), the upregulation of PA on E-
selectin and VCAM-1 was significantly reduced, indicating that
NF-xB was important in PA-induced endothelial dysfunction. For-
tunately, C3G pretreatment significantly inhibited PA activation
of the NF-xB proinflammatory pathway [104]. Furthermore, in
another study of this compound, pretreatment with C3G also effec-
tively inhibited the phosphorylation of Akt and eNOS by PA and
maintained NO levels in cells. However, Nrf2 siRNA transfection
inhibited gene regulation by C3G, while the inhibition of IKK phos-
phorylation by C3G was weakened [105]. All these above results
confirm that C3G is a natural Nrf2 inducer that can be used as a
potential therapeutic strategy for AS to protect vascular endothe-
lial cells from various stress injuries.

Flavanol is another characteristic flavonoid widely distributed
in natural plants with various bioactivities. (—)-Epicatechin (ECC)
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is an effective free radical scavenger that has a protective effect
on H,0,-induced oxidative stress in HUVECs, and the mechanism
is related to an increase in HO-1 expression [106]. Increasing evi-
dence has indicated that green tea is beneficial for the prevention
of coronary atherosclerosis, and epigallocatechin-3-O-gallate
(EGCG) is reported to be one of the bioactive agents in green tea
for preventing coronary atherosclerosis. EGCG is one of the most
abundant catechins in green tea, so it is considered the main active
ingredient in green tea to improve endothelial cell function and
reduce cardiovascular risk. EGCG can play antioxidative, anti-
inflammatory and antiapoptotic roles to address a variety of stim-
uli, such as HUVEC damage induced by PM2.5, H,0,, angiotensin II,
and microcystin-LR. The mechanism seems to be related to the
upregulation of Nrf2, HO-1 and related genes, indicating that acti-
vation of the Nrf2/HO1 signaling pathway is an important mecha-
nism by which EGCG protects against endothelial cell damage
[107-111].

Flavanol is also beneficial for the protection of ECs under vari-
ous stimuli. Dihydromyricetin (DMY) is a natural flavanol isolated
from Ampelopsis grossedentata. Studies have found that DMY acti-
vates Akt and ERK1/2, induces Nrf2/HO-1 signaling, restores cell
membrane potential, inhibits endothelial cell apoptosis and
caspase-3 activity, and protects HUVECs from ox-LDL-induced
oxidative damage [112]. Pyroptosis is a caspase-1-dependent form
of inflammatory cell death that leads to DNA fragmentation, cell
swelling, lysis, and release of contents. Studies have shown that
pyroptosis plays an important role in the pathological instability
of AS. Hu et al. found that DWY can reverse PA-induced pyroptosis
in HUVECs and inhibit caspase-1 activation, IL-1B release, and
NLRP3 inflammatory corpuscle activation. However, siRNA knock-
out of Nrf2 removes the pyropastic inhibition of DHM, indicating
that the Nrf2 signaling pathway plays an important role in DHM'’s
improvement of PA-induced pyroptosis of vascular endothelial
cells [113]. In 2018, Kang and Jing noted that pretreatment with
different concentrations of kaempferol alleviates the endothelial
injury induced by ox-LDL, reduces HUVEC apoptosis and enhances
cell vitality by promoting the activation of the AMPK/Nrf2/HO-1
signaling pathway [114]. In addition, Lee et al. reported that fisetin
(3,7,3', 4-tetrahydroxyflavone), a flavonoid obtained from vegeta-
bles or fruits, reduces H,0,-induced HUVEC death by increasing
Nrf2 nuclear translocation and HO-1 expression, suggesting that
Nrf2 and HO-1 may be involved in the endothelial protection of
fisetin and that siRNA targeting PKC and P38 MAPK can attenuate
fisetin-induced HO-1 expression [115]. Myricitrin is a flavonol gly-
coside. In 2013, Sun et al. reported the protective effects of myric-
itrin against oxidative stress-induced apoptosis of vascular ECs,
and the related mechanisms were involved in inhibiting the phos-
phorylation of ERK and apoptosis proteins [116]. Rutin is a known
flavanol diglycoside with various bioactivities. In 2017, Sthijins
et al. reported that rutin protects against H,0,-induced oxidative
stress damage in HUVECs via Nrf2-mediated adaptation [117].

Flavone is the most representative type of flavonoid with a wide
spectrum of pharmacological activities. In 2015, eriodictyol treat-
ment protected HUVECs from oxidative stress induced by H,0,
by increasing HO-1 mRNA and protein expression in cells, but
Nrf2 siRNA and extracellular regulated protein kinase (ERK) inhibi-
tors blocked the upregulation of eriodictyol by HO-1. Interestingly,
eriodictyol also induces Nrf2 nuclear translocation and ARE activity
[118]. A recent study found that apigenin, a known natural flavo-
noid that widely exists in plants, can intervene in the ERK/Nrf2
pathway to regulate cellular inflammation and the antioxidant sys-
tem, exhibiting great potential for preventing age-related endothe-
lial dysfunction similar to AS [119]. In addition, naringenin (NG)
has a strong angioprotective effect, inhibiting HUVEC apoptosis
induced by HG or free fatty acids (FFAs) by inducing HO-1 expres-
sion. As a key regulator of HO-1 expression, Nrf2 is also activated
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by NG. However, PI3K inhibitors reduced NG-induced HO-1
expression, suggesting that NG stimulates Nrf2 and protects blood
vessels by activating the PI3K pathway. In addition, they found that
JNK was also involved in this important work [120]. Hyperglycemia
is believed to aggravate AS and increase the occurrence of CVD
mainly because it leads to endothelial dysfunction, resulting in
endothelial repair defects and angiogenesis disorders. Chen et al.
found that HG could induce oxidative stress in vascular endothelial
cells both in vivo and in vitro. Baicalin, a known flavonoid isolated
from Scutellaria baicalensis, has a protective effect on ECs under
hyperglycemic conditions, and the mechanisms are related to
downregulating reactive oxygen species (ROS) and inflammation
via activation of the Akt/GSK3B/Fyn-mediated Nrf2 pathway [121].

Isoflavone is another common type of flavonoid that often exists
in plants of the Leguminosae family. Genistein, the main compo-
nent of soybean isoflavone, plays an important role in preventing
AS. Zhang et al. established a damage model of ox-LDL-induced
HUVECs and evaluated the protective effect of genistein. The
results showed that the flavone component could significantly
reduce the secretion and mRNA transcription of ox-LDL-induced
MCP-1, VCAM-1 and ICAM-1. However, HO-1 inhibitor interven-
tion reversed this trend. In addition, Nrf2 siRNA significantly
reduces the promoting effect of genistein on HO-1 expression
[122]. In addition, equol, a metabolic product of daidzein, pos-
sesses various bioactivities. Zhang et al. reported that this com-
pound alleviates AS plaque formation, increases cell survival and
reduces cell apoptosis, and the possible mechanism is related to
attenuating ER stress by activating the Nrf2 signaling pathway
[123].

Rhizogenin is a dihydrochalcone-type flavonoid that is mainly
distributed in the pericarp and roots of plants. This compound
has been demonstrated to reduce intracellular ROS and MDA levels
and increase SOD and Gpx-1 activity. In-depth mechanistic studies
have found that rhizogenin activates Nrf2 through the AMPK path-
way to weaken the oxidative stress induced by PA in HUVECs
[124]. In addition, euxanthone was reported to inhibit Keap1, acti-
vate Nrf2, increase HO-1 and NQO-1 expression, reduce mitochon-
drial membrane potential loss, and rescue HUVEC apoptosis caused
by ox-LDL [125]. In addition, in 2019, Yan et al. reported that xan-
thoangelol (XAG) extracted from Angelica keiskei Koidzumi also
prevents ox-LDL-induced EC injury by activating Nrf2/ARE signal-
ing [126] (Table 4).

Terpenoids

Terpenes are promising natural agents for medical use and are
widely distributed in various plants. Previous studies have indi-
cated that terpenes, in particular triterpenes, could be used to treat
cardiovascular diseases by reducing oxidative stress and activating
the Nrf2/HO-1 pathway [127,128].

Pachymic acid (PMA) is a triterpene obtained from Poria cocos.
Currently, a study reported that PA inhibits ox-LDL-induced cell
death and apoptosis in HUVECs and increases the expression of
Caspase-3 and Bas and Bcl-2, and further investigations revealed
that PMA reduces oxidative stress damage via activation of the
Nrf2/HO-1 signaling pathway [129]. Another study in 2017 found
that celastrol activates Nrf2, inhibits the expression of the Nox2/
AT1 receptor, upregulates ERK;, phosphorylation, and inhibits
the production of ROS in HUVECs, potentially attenuating angio-
tensin II-induced HUVEC damage [130]. LOX-1 is a major receptor
for the binding, phagocytosis and breakdown of ox-LDL by vascular
endothelial cells and plays a key role in the process of AS. Oleanolic
acid (OA), a well-known bioactive pentacyclic triterpenoid, reduces
ox-LDL-induced ROS production, promotes HO-1 expression and
Nrf2 nuclear transfer in cells, and protects HUVECs from oxidative
damage. However, LOX-1 silencing inhibited the expression of Nrf2
and HO-1 induced by OA, suggesting that LOX-1 is involved in the
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endothelial protection of OA. OA treatment improved lipid and
antioxidant status and significantly reduced AS area in Coturnix
coturnix fed a high-fat diet. Similarly, OA pretreatment alleviates
the decrease in HUVEC viability and increase in ROS caused by
ox-LDL, inhibits the expression of LOX-1 and NADPH oxidase sub-
units, and further improves the expression of Nrf2 and HO-1. How-
ever, LOX-1 silencing eliminated the effects of ox-LDL on cell
activity, ROS production and gene expression. In summary, the
potential mechanism of the protective effect of OA endothelial cells
involves the regulation of LOX-1 activity, including the inhibition
of NADPH oxidase subunit expression and the increase in Nrf2
and HO-1 expression [131]. In addition, a recent study reported
that a natural compound of the triterpenoid group from olives,
maslinic acid (MA), induces the nuclear translocalization of Nrf2
in LPS-stimulated HUVECs, increasing the combination of Nrf2
and ARE and reducing the generation of IL-1a. In addition, 20 uM
MA inhibits the expression of iNOS and COX-2 and reduces NF-
KB activity and STAT-1 phosphorylation. In addition, inhibition of
HO-1 by RNA interference reverses the MA-induced reduction in
iNOS/NO expression [132]. Astragaloside IV (ASD-IV) is a triterpene
glycoside isolated from the known traditional Chinese medicine
Astragalus membranaceus with various bioactive effects. In 2019,
Zhu et al reported that ASD-IV enhances the activity and migration
of HUVECs with ox-LDL intervention in a concentration-dependent
manner and inhibits the release of LDH, ROS production and
NADPH oxidase. ASD-IV also increases Nrf2 and HO-1 mRNA
expression and decreases TNF-o and IL-6 mRNA expression. In gen-
eral, ASD-IV prevents ox-LDL-induced endothelial cell injury by
reducing apoptosis, oxidative stress, and inflammation [133]. Gin-
senoside Rg1 (GSD Rgl), another known triterpene glycoside, is
one of the active ginsenosides isolated from Panax ginseng and
would be beneficial for the treatment of cardiovascular diseases.
In 2013, it was reported that GSD Rgl significantly antagonized
the decrease in HUVEC activity induced by PM2.5 and reduced
the production of intracellular ROS and MDA by increasing the
expression of HO-1 and Nrf2 and promoting the nuclear transfer
of Nrf2 [134].

In addition to triterpenes, some diterpenes are also reported to
be useful for protecting ECs from oxidative stress via activation of
Nrf2/HO-1 signaling. In 2014, Lu et al. found that andrographolide
(ADH) inhibited TNF-a-induced ROS generation, Src phosphoryla-
tion, NADPH oxidase activation, and ICAM-1 expression in EA.
hy926 cells; increased GSH content; and induced HO-1 and GCLM
gene expression. Interestingly, in subsequent studies, they found
that LY294002, an inhibitor of the PI3K/Akt pathway, inhibited
Nrf2 nuclear translocation and c-jun phosphorylation and
increased GSH content while attenuating ADH-induced HO-1 and
GCLM gene expression. In addition, Nrf2 or c-jun knockout also
weakened HO-1 and GCLM expression. These results indicate that
the PI3K/Akt/Nrf2/HO-1 pathway participates in the improvement
of TNF-a-induced endothelial dysfunction through a cascade reac-
tion [135]. In another study, ADH also showed a significant protec-
tive effect against hypoxia-induced EA.hy926 cell injury, which
also reduced ROS production in cells and increased HO-1 expres-
sion. In addition, ADH inhibited hypoxia-induced HIF-1o gene
expression via PHD2/3 and Nrf2/HO-1 in EA.hy926 cells. ET-1,
one of the downstream target genes of HIF-1q, is involved in the
pathogenesis of various CVDs. Preconditioning of ADH also inhib-
ited ET-1 secretion. An in-depth study found that SB203580, an
inhibitor of P38 MAPK, inhibited the expression of HIF-1A and
ET-1 induced by CoCl, (hypoxia-mimetic agent) [136]. Glaucoca-
lyxin A (Gau A) is a diterpene isolated from Isodon japonica. A study
by Xia et al. (2014) reported that Gau A has protective effects on
HUVECs stimulated by H,0,, and further studies revealed that this
compound reduces endothelin (ET-1) and iNOS mRNA and increase
eNOS mRNA expression [137].
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In addition, zedoarondiol (ZAD), a sesquiterpene lactone,
increases SOD, decreases ROS and MDA, improves the cell survival
rate and inhibits LDH activity in ox-LDL-induced ECs. It also inhi-
bits the release of inflammatory cytokines, such as IL-18, MCP-1,
and TNF-o. The mechanism is mainly related to downregulation
of LOX-1 and Keap1 expression, induction of Nrf2 nuclear translo-
cation, and upregulation of HO-1 and NQO1 expression [138].
Lycopene is a tetraterpene found in tomato. Sung et al. found that
lycopene suppresses cyclic strain-induced ET-1 expression in
HUVECs via inhibition of ROS generation and induction of HO-1
expression [139] (Table 4).

Alkaloids

Alkaloids derived from plants are important natural agents for
promoting healthcare and disease prevention and remain one of
the most important resources for the identification of candidate
drugs [140]. Homocysteine (Hcy), a sulfur-containing amino acid,
is closely related to the development of CVDs and is considered
an important risk factor for CVDs. The most important reason is
that Hcy causes endothelial injury through a series of complex
mechanisms, participates in the occurrence and development of
AS, and ultimately leads to CVDs. In 2019, Wu et al. found that
Hcy exhibits obvious cytotoxicity and induces HUVEC apoptosis.
In addition, Hcy increases the levels of ROS, LDH and MDA and
reduces SOD levels in HUVECs. Importantly, oxymatrine (OMT), a
known alkaloid isolated from Sophora flavescens, protects HUVECs
from Hcy-induced damage, reverses the Hcy-induced MMP reduc-
tion, increases the Bcl-2/Bax ratio, and inhibits the expression of
caspase-9 and caspase-3. Furthermore, OMT also increases Nrf2
levels and the phosphorylation of Akt and eNOS. Collectively, these
results suggested that OMT prevents Hcy-induced endothelial
injury by activating the Akt-Enos-Nrf2 signaling pathway [141].
Corynoline is an alkaloid isolated from Corydalis bungeana and
has significant anti-inflammatory effects. Corynoline inhibits LPS-
induced TNF-a and IL-8 production and reduces the expression
of VCAM-1 and ICAM-1 in HUVECs. In addition, corynoline inhibits
the LPS-induced phosphorylation of NF-xB p65 and IkBa and
increases the expression of Nrf2 and HO-1. In addition, the inhibi-
tory effects of corynoline on the release of TNF-oo and IL-8 are
decreased by blocking Nrf2, and these results suggest that the
anti-inflammatory activity shown by corynoline is realized by acti-
vating Nrf2 signaling [142]. Berberine (BBR) is a versatile alkaloid
extracted from Coptis chinensis with various bioactivities, such as
anti-inflammatory, antitumor, antidiabetic and antibacterial activ-
ities. It has been reported that BBR increases the activity of HUVECs
stimulated by H,0,, effectively inhibits cell apoptosis and ROS pro-
duction, promotes the nuclear translocation of Nrf2 and upregu-
lates HO-1 expression. In addition, Nrf2 siRNA treatment not
only significantly inhibits Nrf2/Ho-1 activation but also signifi-
cantly reverses the protective effect of BBR on HUVECs [143]. Isoth-
iocyanates are small organosulfur molecules with an —N=C=S
group and are reported to be beneficial for decreasing the risk of
AS. In 2013, Huang et al. evaluated the protective effects of BITC
(benzyl isothiocyanate) and PEITC (phenethyl isocyanate) against
ox-LDL-induced EC damage and found that the corresponding
molecular mechanisms are related to upregulating Nrf2-
dependent antioxidation and suppressing NF-kB activation [144].
In 2015, Zhang et al. studied the protective effects of four alkaloids
in seeds of Nelumbo nucifera on H,0,-induced HUVECs, and the
results showed that four alkaloids, lotusine, liensinine, isoliensi-
nine and neferine, increase HUVEC survival by increasing the pro-
duction of NOS and NO in HUVECs [145]. In addition, another paper
by Zhang et al. in 2020 revealed that sulforaphane (SFN) attenuates
angiotensin (Ang) Il-induced HUVEC injury by modulating ROS-
mediated mitochondrial signaling via Nrf2 activation [146]
(Table 4).
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Stilbenoids

Stilbenoids are a class of small molecules with many bioactivi-
ties [147]. Pterostilbene (PT) is a stilbenoid that weakens the inhi-
bition of HUVEC proliferation induced by uremic serum (US). PT
dose-dependently eliminates the decrease in SOD and CAT activity
induced by US; prevents the increase in MDA, H,0,, superoxide
anion levels and NAD(P)H oxidase activity in HUVECs; and
improves intracellular oxidative stress. In addition, PT significantly
inhibits the expression of the proinflammatory cytokines IL-1B,
TNF-o, MCP-1 and VCAM-1 as well as iNOS. Further studies found
that PT dose-dependently downregulates Keap1 levels and upreg-
ulates total Nrf2 and HO-1 expression. However, Snpp (HO-1 inhi-
bitor) eliminates PT’s inhibitory effect on US-induced cytotoxicity,
oxidative stress and the inflammatory response. PT is a potential
anti-AS drug with antioxidant, anti-inflammatory and
anti-cytotoxicity pharmacological activities that protects against
US-mediated endothelial cell injury [148]. Similarly, Tang et al. also
found that PT reduces AS in rats fed a high-fat diet, reduces aortic
plaque size, reduces macrophage infiltration, and inhibits oxidative
stress and vascular wall apoptosis in vivo. PT also inhibits H,0,-
induced HUVEC apoptosis in vitro, and the mechanism is related
to the regulation of the Nrf2 pathway [149]. Resveratrol is a versa-
tile stilbenoid that exists in grapes and P. cuspidatum and has many
bioactivities, such as antioxidative, antiaging, cardiovascular pro-
tective and antitumor effects. Wang et al. reported that resveratrol
protects H,0,-induced HUVECs from oxidative stress-induced
damage by decreasing apoptosis and activating PI3K-Akt-mTOR
[150,151] (Table 4).

Quinones

Miltirone is a phenanthraquinone in Salvia miltiorrhiza that sig-
nificantly improves the survival rate of ox-LDL-induced EA.hy926
cells in a concentration-dependent manner, inhibits the formation
of intracellular ROS, and improves morphological changes. In addi-
tion, miltirone induces Nrf2 phosphorylation and nuclear accumu-
lation, upregulates the expression of some downstream Nrf2 genes
(such as HO-1 and NQO1), accelerates the degradation of Keap1,
and activates the ARE. However, siRNA silencing of Nrf2 blocked
miltirone’s induction of Nrf2 and its downstream genes. More
importantly, miltirone’s protective effect on ox-LDL-induced cell
death was weakened after Nrf2 was knocked down, confirming
the important role of Nrf2 in oxidative stress-induced EA.Hy926
cell death. Similarly, siRNA targeting HO-1 also attenuated miltir-
one’s protective effect. In conclusion, these results suggest that
miltirone has a significant protective effect on ox-LDL-induced cell
injury by mediating the Nrf2/HO-1-dependent pathway [152]. Tan-
shinone IIA is another active component in S. miltiorrhiza. Cur-
rently, increasing evidence has also revealed that this compound
has protective effects on undulatory high glucose-induced
HUVECs, and the possible mechanisms are related to decreasing
oxidative stress, reducing lipid peroxidation and MDA, enhancing
the activity of antioxidant enzymes, and increasing the release of
NO via regulation of the Rho/Rho kinase system [153] (Table 4).

Others

In addition to the compounds mentioned above, there are many
other natural agents with potential protective effects on ECs via
Nrf2/HO-1 signaling. Withaferin A (WA), a steroid isolated from
Withania somnifera, has a wide range of pharmacological activities,
including anti-inflammatory, antitumor and antiangiogenic activi-
ties. WA increases EC viability, inhibits ROS production and
improves endothelial dysfunction in rat aortic rings in vitro. Mech-
anistic studies showed that WA increases the nuclear translocation
of Nrf2, the expression of HO-1 in HUVECs and endothelial cell
lines (EA.hy926), and the upregulation of HMOX1 [154].
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Z-Ligustilide (Z-Lig) is a bioactive phthalide derivative isolated
from Cnidium officina and Angelica sinensis. Studies have shown
that Z-Lig can reduce ICAM-1, VCAM-1 and E-selectin expression
in HUVECs to suppress HL-60 monocyte adhesion. In addition,
TNF-a-induced ROS production and the NF-kB signaling pathway
activation were significantly inhibited. In addition, Z-Lig signifi-
cantly induces HO-1 expression by promoting Nrf2 nuclear
translocation and endothelial NO synthesis, reduces vascular
inflammation, and activates the endothelial defense system
[155]. In addition, Z-Lig has a good inhibitory effect on the local
inflammatory response caused by AS [156]. Similarly, a 2019 study
also suggested that Z-Lig increases the activity of antioxidant
enzymes, significantly reduces the formation of AS plaques and
lipid peroxidation in the aorta, and inhibits AS development in
HFD-FedLdIr~/~ mice. The main mechanism involves upregulating
HO-1 and NQO1 expression by activating Nrf2 while reducing the
production of ROS. In vitro experiments also found that Z-Lig
increases NRF2 and ARE-driven enzyme expression and reduces
the cytotoxicity in EA-hy926 cells caused by T-BHP [157]. Salidro-
side (SAL) is one of the main active ingredients of Rhodiola rosea.
Studies have revealed that this natural ingredient has a wide range
of pharmacological effects, such as enhancing immunity and pro-
tecting the cardiovascular system. A 2016 study found that SAL
reduces ROS and MDA, increases the activities of SOD and CAT,
and alleviates H,0,-induced HUVEC injury. Further mechanistic
studies found that SAL can inhibit oxidative stress injury by induc-
ing the nuclear translocation of Nrf2 and activating the expression
of the antioxidant enzyme genes HO-1 and NQO1 regulated by
Nrf2 [158]. Zhang et al. also reported that SAL has a protective
effect on vascular endothelial dysfunction induced by advanced
glycation end products (AGEs), and the mechanism is also related
to activation of Nrf2/HO-1, reduction of Keap1 expression, reduc-
tion of ROS formation, restoration of NO levels and suppression
of NF-kB pathway activation [159]. Vanillic acid (VA) is present
in a variety of grains and fruits, and studies have found that VA
reduces PA-induced ROS and MDA, recovers MMP levels, enhances
intracellular antioxidant enzyme activity, and protect cells from
oxidative damage. The mechanism of this protective effect is
related to the upregulation of the LKB1/AMPK signaling pathway,
which activates P-Nrf2 and HO-1 and promotes SIRT1 and PGCla
expression. In addition, AMPK inhibitors reduce VA-induced
enhancement of Nrf2 and HO-1, suggesting that VA activates the
Nrf2/HO-1 pathway to exert its protective effects on ECs [160]. Pro-
tocatechuic acid (PCA), a natural phenolic acid substance, is the
main metabolite of anthocytes and the effective active ingredient
in Salvia miltiorrhiorum. It has been reported that PCA has an obvi-
ous protective effect on PA-induced oxidative damage in HUVECs.
The molecular mechanism involves increasing AMPK phosphoryla-
tion by activating LKB1, which promotes P-NRF2 and HO-1 expres-
sion, while lowering ROS and MDA levels and increasing the
activity of antioxidant enzymes (including SOD, GP-1, and HO-1)
in HUVECs. Moreover, PCA also reversed the reduction in pGC-1a
expression caused by PA and significantly increased mitochondrial
density [161]. EC senescence is considered to be one of the key risk
factors for vascular diseases and is of great significance for the pre-
vention and treatment of AS. Li et al. found that the inflammatory
factor TNF-o. promotes premature senescence of rat nucleus pulpo-
sus cells through the PI3K/Akt signaling pathway. Guo et al. also
found that TNF-a induces HUVEC senescence and increases the
activity of SAb-Gal (a biomarker of senescence). Salicin, a natural
ingredient from willow bark or the stems and roots of Alangium
chinense, inhibits cell senescence and cycle arrest caused by TNF-
o. In addition, salicin reduces the expression of P21 and PAI-1
induced by TNF-o and promotes the nuclear translocation of
NRF2. After NRF2 is knocked out using small RNA transfection,
these beneficial effects of salicin are eliminated, suggesting that
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the antiaging effect of salicin is mediated by Nrf2 [162]. Clinical
studies have suggested that garlic has the potential to protect vas-
cular endothelial function and health. Allicin, the main ingredient
in garlic, has also drawn attention as a natural agent that can pro-
tect the cardiovascular system. Previous studies have revealed that
allicin reduces LPS-induced apoptosis in HUVECs, inhibits ROS, and
reduces lipid peroxidation. In addition, allicin improves mitochon-
drial dysfunction, increases MMPs and mitochondrial ATP, and
reduce the release of cytochrome C. Allicin also reduces the LPS-
induced inflammatory response, increases LXR expression and
inhibits the release of TNF-o and IL-8 via the activation of Nrf2
[163,164] (Table 4).

Conclusion and perspectives

In our present paper, we summarized the potential natural
monomers/extracts derived from herbal medicines that have pro-
tective effects on ECs against oxidative stress-induced injury. These
agents mainly include phenylpropanoids, flavonoids, terpenoids,
alkaloids, stilbenes, and quinones. Most of these agents alleviate
cell apoptosis in ECs due to oxidative stress induced by ox-LDL,
H,0,, homocysteine (Hcy), high glucose (HG), and Ang II, and the
predominant mechanisms are related to activation of Nrf2/HO-1
signaling (Fig. 3). However, despite continued progress on various
aspects of natural agents with protective effects against EC injury
by activating Nrf2/HO-1 signaling, the development of new drugs
for treating AS and other CVDs from these agents will require more
detailed investigations in both preclinical and clinical venues.

First, some agents mentioned in our paper have only been
assessed in preliminary pharmacological studies, and further stud-
ies on molecular mechanisms will be performed in the future. Con-
sequently, continuing investigations should be performed to
explore the molecular mechanisms by which these candidate
molecules protect ECs from oxidative stress-induced injury by tar-
geting Nrf2/HO-1 signaling. Second, there are not yet adequate
data on the pharmacokinetics and clinical research of these
reported natural extracts/monomers, and few studies on toxicity
and its target organs have been reported. Thus, more work should
be devoted to investigating the PK profiles and systemic side
effects and toxicities of these candidate agents in the future. Addi-
tionally, further clinical investigations are encouraged to evaluate
the actual therapeutic effects of candidate drugs in humans. Last
but perhaps the most important, CVDs commonly require a longer
course of treatment, and oral medications remain the first choice
for AS and other CVDs. However, most of the agents mentioned
above, such as curcumin, exhibit low bioavailability from oral
administration. Therefore, appropriate drug delivery systems and
preparations should be developed for these candidate drugs; in
addition, structural modification based on molecular docking tar-
geted to Nrf2/HO-1 would be beneficial for designing better mole-
cules with high bioactivities and drug-like properties as well as
low toxicities.

Collectively, our present paper provides updated information of
natural agents with protective activities on ECs against oxidative
stress by activating Nrf2/HO-1. We hope this review will provide
some directions for the further development of novel candidate
drugs from natural agents for the treatment of AS and other CVDs.
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