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Combined Extract of Vitis vinifera L. and Centella asiatica
Synergistically Attenuates Oxidative Damage Induced by
Hydrogen Peroxide in Human Umbilical Vein Endothelial Cells
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ABSTRACT: Endothelial cell injury caused by oxidative stress is a critical factor in the initial stage of vascular diseases.
Thus, identification of more effective antioxidants is a promising strategy to protect against endothelial cell injury. Recent-
ly, synergistic effects between phytochemicals have received renewed attention for their role in the treatment of various
diseases. Vitis vinifera L. and Centella asiatica are well-known medicinal plants with various biological effects. However, the
combination of the two has not previously been studied. Here, we investigated the effects of V. vinifera L. leaf and C. asiatica
extract combination (VCEC), a standardized herbal blend comprising V. vinifera L. leaf extract (VE) and C. asiatica extract
(CE), for its antioxidant activity and for the protection of endothelial cells against hydrogen peroxide (H,O,)-mediated oxi-
dative damage in human umbilical vein endothelial cells (HUVECs). VCEC showed higher antioxidant activity than VE
or CE in oxygen radical antioxidant capacity assays. In HUVECs, VCEC significantly suppressed increases in the pro-
duction of intracellular reactive oxygen species, decreased levels of nitric oxide and vascular endothelial-cadherin, and in-
creased endothelial hyperpermeability triggered by H,O,. Treatment with VE or CE alone ameliorated HUVEC injury in a
pattern similar to VCEC, although their effects were significantly weaker than VCEC. Overall, VCEC exhibited a substan-
tial synergistic effect on protecting endothelial cells against oxidative damage through its antioxidant activity. Therefore,
VCEC could be developed as a potential agent for reducing the risk of vascular diseases related to oxidative stress.
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INTRODUCTION enzymes, such as reduced nicotinamide adenine dinucle-
otide phosphate oxidase, lipoxygenase, and xanthine oxi-
dase (Sugamura and Keaney, 2011; Banerjee et al., 2019).

Overproduction of ROS in vascular lesions disrupts the

The vascular endothelium consists of a layer of endothe-
lial cells in the inner surface of blood vessels and is a cru-

cial barrier between the blood and tissue environments.
The vascular endothelium plays a pivotal role in vascular
permeability, maintenance of vascular tone and pressure,
platelet aggregation, and thrombosis (Minami et al.,
2019). Endothelial cells can be easily damaged by various
factors, such as inflammatory cytokines and reactive oxy-
gen species (ROS), which cause endothelial dysfunction
that, in turn, initiate early processes of vascular diseases,
including atherosclerosis, hypertension, and peripheral
venous disease (Herrera et al., 2010; Burtenshaw et al.,
2019).

In particular, oxidative stress caused by ROS is a criti-
cal factor in the pathogenesis of vascular diseases. In the
endothelium, ROS are produced by diverse metabolic

balance between cell survival and cell death signaling
pathways, peroxidizes membrane lipids, and triggers the
production of several inflammatory mediators (Irani,
2000; Zhang, 2008). As a result, endothelial permeability
is increased, and inflammatory cells, such as monocytes,
migrate to the endangium by binding to cell adhesion
molecules, which is important during the development of
vascular diseases (Bot et al., 2015). Therefore, antioxi-
dant agents that attenuate the generation of ROS may
have therapeutic applications in reducing endothelial cell
damage. For example, vitamin E supplementation has
been shown to reduce free radical production and vascu-
lar injury progression in vivo (Hedayati et al., 2017). In
addition, regular ingestion of fruit and vegetables can di-
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minish the risk of vascular diseases since many plant con-
stituents contain a phenolic group in their chemical struc-
ture, such as flavonoids and phenolic acids, which exhib-
it antioxidant activity (Hertog et al., 1993; Manach et al.,
2004; Yahfoufi et al., 2018). Therefore, studies have been
actively conducted to identify plants that can protect en-
dothelial cells against oxidative stress. For instance,
Campos et al. (2014) showed that lemongrass polyphe-
nols suppresses oxidative damage in human endothelial
cells. Additionally, Wu et al. (2018) showed that the Pol-
ygonum orientale flower extract can protect human umbil-
ical vein endothelial cells (HUVECs) from hydrogen per-
oxide (H,O)-triggered oxidative damage by enhancing
the activity of antioxidant enzymes, such as superoxide
dismutase (SOD) and catalase (CAT).

H,0,, one of the major components of ROS, can dam-
age the endothelium (Maharjan et al., 2014). H,O, has
been widely used to induce oxidative stress in vascular
endothelial cells because it can easily penetrate their
membranes (Di Marzo et al., 2018). Thus, stimulation
with H,O, is a good strategy for investigating vascular
endothelial damage.

Vitis vinifera L. is a woody perennial vine plant that usu-
ally climbs via tendrils. It is native to Asia Minor, from
which it spread to other continents, including Europe
(Orhan et al., 2007). The fruit of V. vinifera L. is mainly
used as food, whereas its seeds and leaves are used as
herbal medicine and food supplements. The leaves have
a long history of being used as a folk medicine to treat
diarrhea, vomiting, wounds, and bleeding in Ayurvedic
medicine (Karaman and Kocabas, 2001; Orhan et al.,
2009). In previous studies, extracts of V. vinifera L.
leaves have shown a hepatoprotective effect against car-
bon tetrachloride-induced acute liver damage and alcohol-
induced oxidative damage in rats (Karaman and Kocabas,
2001; Orhan et al., 2007; Pari and Suresh, 2008; Orhan
et al., 2009). Recently, Sangiovanni et al. (2019) also
showed that V. vinifera L. leaf extracts (VE) with the
highest quercetin 3-glucuronide content among phenols
inhibits inflammation in human keratinocytes. In partic-
ular, the leaf extracts were shown to contain higher lev-
els of total phenols and proanthocyanidins than stalk
and marc extracts, and exhibited a greater effect on re-
ducing intracellular ROS induced by H,O, in human der-
mal fibroblasts (Puglisi et al., 2019). Despite these pre-
vious studies on V. vinifera L. leaf, its role in protecting
vascular endothelial cells against oxidative damage has
not previously been reported.

Centella asiatica is a traditional medicinal plant found in
various tropical regions, including Asia, South Africa, and
the Middle East Africa. C. asiatica has long been used as
a traditional medicine for wound healing and scar man-
agement in Asia (Fong et al., 2016). It also has various
biological effects, such as anti-inflammatory, antioxidant,

neuroprotective, and hepatoprotective activities (Somchit
et al., 2004; Zhang et al., 2010; Orhan, 2012; Zhao et al.,
2014). Recently, the major triterpenoid compounds of C.
asiatica, asiaticoside, and asiatic acid were shown to in-
hibit endothelial hyperpermeability triggered by tumor
necrosis factor-o. (TNF-a) in human aortic endothelial
cells (Fong et al., 2015; Fong et al., 2016). Moreover,
madecassoside, another triterpenoid in C. asiatica, has
been shown to inhibit apoptosis of HUVECs following
exposure to H,O»-induced oxidative stress (Bian et al.,
2012). Therefore, C. asiatica might protect vascular en-
dothelial cells against oxidative stress.

Recently, the synergistic effects of phytochemicals have
received increasing interest, with the aim of achieving
more effective therapies for treating various diseases, in-
cluding vascular diseases. Because both V. vinifera L. leaf
and C. asiatica contain various active compounds, such as
flavonoids, anthocyanidins, and triterpenoids, that exhib-
it anti-inflammatory and antioxidant effects, the combi-
nation of these two extracts may have a synergistic effect.
Here, we investigated whether the standardized herbal
combination of V. vinifera L. leaf extract and C. asiatica ex-
tract is effective in protecting vascular endothelial cells
against oxidative stress induced by H,O.

MATERIALS AND METHODS

Chemicals and reagents

Acetonitrile and high-performance liquid chromatography
(HPLC) grade water were purchased from J.T. Baker
Chemical Co. (Phillipsburg, NJ, USA). H,O, and thiazolyl
blue tetrazolium bromide (MTT) were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Oxygen radical
antioxidant capacity (ORAC) activity assay kit and intra-
cellular ROS assay kits were purchased from Cell Biolabs
Inc. (San Diego, CA, USA) and Abcam (Cambridge, UK),
respectively. The total nitric oxide (NO) assay kit and
human vascular endothelial-cadherin (VE-cadherin) en-
zyme-linked immunosorbent assay (ELISA) kit were pur-
chased from R&D Systems (Minneapolis, MN, USA). The
in vitro vascular permeability assay kit was purchased
from Millipore (Bedford, MA, USA).

V. vinifera L. leaf and C. asiatica extracts preparation

Dried leaves of V. vinifera L. and C. asiatica were pur-
chased from an herbal market (Danyang, China). The eth-
anol extract of V. vinifera L. leaf (VE) was obtained by
macerating 200 g of dried leaves with 40% ethanol for 4
h. The spent plant material was extracted again using the
same solvent. After filtering the extract using Advantec
filter paper No. 1 (Advantec, Japan), the combined ex-
tracts were concentrated and dried. The ethanol extract
of C. asiatica (CE) was obtained by macerating 200 g of



Herbal Mixture for Endothelial Function 175

dried leaves with 70% ethanol for 3 h and was refluxed
twice more. Obtained extracts were combined, filtered,
concentrated, and the residual extract was dried. The V.
vinifera L. leaf and C. asiatica extract combination (VCEC)
was prepared by mixing dried powders of VE and CE at
a ratio of 3:1 to produce standardized VCEC.

Calibration of the HPLC method

The analysis of quercetin 3-O-B-D-glucuronide (quercetin
3-glucuronide) and asiaticoside was performed with ref-
erence to methods previously published (Schneider et
al., 2008; Rafamantanana et al., 2009; Benmeziane et al.,
2016; da Rocha et al., 2017). Approximately 3.0 mg each
of quercetin 3-glucuronide and asiaticoside standard com-
pounds were placed in a 3-mL volumetric flask and dis-
solved with methanol. Further calibration concentrations
were prepared by diluting a standard solution with meth-
anol. The detector response was linear within the range
of concentrations injected (quercetin 3-glucuronide: 5~
80 pg/mL, asiaticoside: 25~400 pg/mL). The calibration
data are listed in Table 1.

HPLC analysis of quercetin 3-glucuronide and asiaticoside
An Agilent HPLC 1200 series system (Agilent Technolo-
gies, Inc., Santa Clara, CA, USA) equipped with a quater-
nary pump, autosampler, and photodiode array detector
with a Phenomenex”® Luna C18 column (250%4.6 mm,
5 um) was used for HPLC analysis (Phenomenex Inc.,
Torrance, CA, USA). For the analysis of quercetin 3-glu-
curonide, we eluted the extract with solvent A (acetoni-
trile) and solvent B (1% formic acid in water) in a gradi-
ent elution at a flow rate of 0.7 mL/min, as follows: 0~
22 min, 83% B; 22~28 min, 83~20% B; 28~33 min,
20% B; 33~35 min, 20~83% B; and 35~40 min, 83%
B. The column temperature was kept at 25°C, and the ab-
sorbance was detected at 360 nm. For analysis of asiat-
icoside, we eluted with solvent A (acetonitrile) and sol-
vent B (0.3% phosphoric acid in water) in a gradient elu-
tion at a flow rate of 1 mlL/min, as follows: 0~5 min,
75% B; 5~20 min, 75~65% B; 20~25 min, 65~25% B;
25~30 min, 25% B; 30~32 min, 25~75% B; and 32~40
min, 75% B. The column temperature was kept at 35°C,
and the detection wavelength was 205 nm. The injection
volume of all samples was 10 pL.

ORAC assay
ORAC was measured using the OxiSelect™ ORAC assay

kit following the manufacturer’s instructions. Fluores-
cence was detected at 480 nm [excitation (ex)] and 520
nm [emission (em)] every 3 min for a total of 180 min
using a Victor 3 multilabel plate reader (PerkinElmer,
Inc., Norwalk, CT, USA). The area under the curve of
each sample was calculated and compared with the Trol-
ox™ (2.5~50 uM) antioxidant standard curve. ORAC
values were presented in uM Trolox equivalents per g of
VE, CE, and VCEC.

Cell culture

HUVECs were purchased from Lonza (Baltimore, MD,
USA). Cells were cultured in M200 (Gibco, Grand Island,
NY, USA) supplemented with an low serum growth sup-
plement kit (Gibco) and incubated at 37°C in a humidi-
fied atmosphere with 5% CO,. The culture medium was
replaced every 2 days until cells were confluent. All ex-
periments were performed using cells at passages 3 ~6.

Cell viability

To measure cell viability, MTT assays were used. MTT as-
says are based on the ability of living cells to metabolize
a water-soluble tetrazolium salt into a water-insoluble
formazan crystal. HUVECs (2x10° cells/mL) were cul-
tured for 24 h in a 96-well plate and then treated with
various concentrations of VE, CE, and VCEC for 24 h.
The medium was discarded, and then 5 mg/mL MTT sol-
ution was added to each well. After incubation for 3 h at
37°C, the MTT solution was discarded, and 100 pL of di-
methyl sulfoxide was added to each well to solubilize for-
mazan. The absorbance was detected at 540 nm with a
Victor 3 multilabel plate reader (PerkinElmer, Inc.).

Intracellular ROS production

Intracellular ROS production was measured using the
cell-permeable reagent 2’,7’-dichlorofluorescein (DCF)-
diacetate (DA) (Mendis et al., 2007). HUVECs (3x10°
cells/mL) were cultured in a 96-well black plate for 24 h
and then treated with various concentrations of VE, CE,
and VCEC for 30 min, followed by 500 uM H,O for 4 h.
Cells were washed with assay buffer and then incubated
with 25 pM 2’,7’-dichlorodihydrofluorescein (DCFH)-DA
in assay buffer supplemented with 10% fetal bovine se-
rum for 45 min at 37°C. ROS was measured by detecting
DCF fluorescence (ex: 485 nm, em: 535 nm) using a
Victor 3 multilabel plate reader (PerkinElmer, Inc.).

Table 1. Regression equation, correlation coefficients (#?), limits of detection, and quantification for high-performance liquid chro-

matography analysis

Compound

Calibration curve equation, ”°

Limit of detection Limit of quantification

(ug/mL) (ng/mL)
Quercetin 3-glucuronide ¥=29.19x+15.05, 0.9992 0.19 0.56
Asiaticoside y=2.4256x+7.5597, 0.9992 0.39 1.19
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NO release

HUVECs (2x10° cells/mL) were cultured in a 96-well
plate for 24 h. HUVECs were then treated with 37.5 pg/
mL of VE, 12.5 ug/mL of CE, and 50 pg/mL of VCEC for
30 min, followed by 500 uM H,O, for 4 h. The amount
of NO in culture supernatants was spectrophotometri-
cally analyzed by evaluating the accumulation of nitrate
and nitrite using a colorimetric NO assay kit according to
the manufacturer’s instructions. The absorbance was de-
tected at 540 nm using a Victor 3 multilabel plate reader
(PerkinElmer, Inc.).

Transendothelial electrical resistance (TEER) assay

The TEER across the HUVEC monolayer was measured
using a Millicell-ERS ohmmeter (Millipore) (Kaneda et
al., 2006). HUVECs (0.5 mL) were seeded in the inserts
of transwell plates (12-well type, 4x10° cells/well), and
1.5 mL of culture medium was added to the receiver plate
wells. The culture medium was changed every 2 days.
Once cells formed a tight monolayer, cells were treated
with 37.5 pg/mL of VE, 12.5 pg/mL of CE, and 50 pg/
mL of VCEC for 30 min, followed by 500 uM H,O, for 4
h. TEER (Q-cm®) was determined by multiplying the
measured electrical resistance (Q2) by the surface area of
the membrane (cm?).

Vascular permeability assay

Vascular permeability was measured using an in vitro vas-
cular permeability assay kit according to the manufactur-
er’s instructions. Briefly, 0.2 mL of HUVECs were seeded
on the inserts of transwell plates (24-well type, 2x10°
cells/well), and 0.5 mL of culture medium were added to
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the receiver plate wells. The culture medium was changed
every 2 days, and cells were incubated until a monolayer
was formed. Cells were treated with 37.5 pg/mL of VE,
12.5 pg/mL of CE, and 50 pg/mL of VCEC for 30 min,
followed by 500 uM H,O; for 4 h. Then, fluorescein iso-
thiocyanate (FITC)-dextran was added to the inserts and
allowed to penetrate the monolayers for 20 min. A total
of 0.1 mL of the media in each receiver plate well was
transferred into a black 96-well plate. The fluorescence
intensity was detected at 480 nm (ex) and 520 nm (em)
using a Victor 3 multilabel plate reader (PerkinElmer,
Inc.).

VE-cadherin expression

HUVECs (3x10° cells/mL) were cultured in a 12-well
plate for 24 h and then treated with 37.5 ug/mL of VE,
12.5 pg/mL of CE, and 50 pg/mL of VCEC for 30 min,
followed by 500 pM H,O; for 4 h. The cells were lysed in
radioimmunoprecipitation assay buffer containing a pro-
tease inhibitor cocktail (ATTO, Tokyo, Japan). The levels
of VE-cadherin in the cell lysates were detected using a
human VE-cadherin ELISA kit following the manufactur-
er’s instructions.

Statistical analysis

The data are expressed as mean=+standard deviation (SD).
All experiments were performed in triplicate and repeated
three times. Statistical significance was analyzed by Stu-
dent’s t-test, and P<0.05 was considered significant. Sta-
tistical tests were conducted using the SPSS standard ver-
sion 26 (SPSS Inc., Chicago, IL, USA).
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Fig. 1. Representative high-performance liquid chromatography chromatogram at 360 nm: standard solutions of (A) quercetin 3-glu-
curonide, (B) Vitis vinifera L. leaf extract, (C) Centella asiatica extract, and (D) V. vinifera L. leaf and C. as/atica extract combination.
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Fig. 2. Representative high-performance liquid chromatography chromatogram at 205 nm: standard solutions of (A) asiaticoside,
(B) Vitis vinifera L. leaf extract, (C) Centella asiatica extract, and (D) V. vinifera L. leaf and C. asiatica extract combination.

RESULTS

HPLC analysis of VCEC

Based on the absorption profile and retention time, quer-
cetin 3-glucuronide and asiaticoside were identified as
the major compounds in VCEC. Fig. 1A and 2A show the
HPLC chromatograms of quercetin 3-glucuronide and as-
iaticoside standards for peak comparison with the chro-
matogram of VE (Fig. 1B and 2B), CE (Fig. 1C and 2C),
and VCEC (Fig. 1D and 2D). According to the HPLC
chromatograms, quercetin 3-glucuronide was detected at
360 nm with a retention time of 26.9 min, and asiatico-
side was detected at 205 nm with a retention time of 14.9
min. The results confirmed that VE and VCEC contained
11.4+0.16 and 8.5+0.12 mg/g of quercetin 3-glucuron-
ide, respectively, and CE and VCEC contained 95.6+0.22
and 24.9+0.17 mg/g of asiaticoside, respectively (Table
2).

Antioxidant activity of VCEC

To confirm the antioxidant activity of VCEC and individ-
ual extracts of VE and CE, ORAC assays were conducted
using Trolox™" as the standard. VE and CE showed sim-
ilar antioxidant activities (Fig. 3). Remarkably, VCEC
demonstrated ~1.7-fold higher antioxidant activity than
VE or CE alone (P<0.01), suggesting that VE and CE
have a synergistic effect on antioxidant activity.

Effect on HUVEC viability

We investigated the effect of VCEC on the vascular en-
dothelium using HUVECsS, a classical model system for
studying endothelial function. We treated cells with VE

Table 2. Contents of quercetin 3-glucuronide and asiaticoside

in VCEC (unit: mg/g)
Compound
Content :
Quercetlp Asiaticoside
3-glucuronide

VE 11.4+£0.16 ND

CE ND 95.610.22

VCEC 85+0.12 24.9+0.17

Data are expressed as meanzSD of three replicate experiments.
ND: not detected.

VE, Vitis vinifera L. leaf extract: CE, Centella asiatica extract;
VCEC, V. vinifera L. leaf and C. asiatica extract combination.

and CE at the same concentration as contained in VCEC
to evaluate whether VC and CE show synergistic effects
on endothelial function compared with each compound
alone. First, we examined the effects of VE, CE, and
VCEC on HUVEC viability to investigate potential cell
cytotoxicity. Concentrations of up to 37.5 ng/mL of VE,
12.5 pg/mL of CE, and 50 pg/mL of VCEC (37.5 pg/mL
of VE+12.5 pg/mL of CE) did not affect the viability of
HUVECs, as determined by the MTT viability assays

(Fig. 4).

Effect on intracellular ROS production

To examine the effect of VCEC on ROS production, we
measured intracellular ROS by using a DCFH-DA fluo-
rescent probe. The fluorescence intensity of cells exposed
to H,O, alone dramatically increased to ~7.6-fold com-
pared with the control group (P<0.001); however, pre-
treatment with VCEC (6.25, 12.5, 25, or 50 pg/mL) sig-
nificantly attenuated the increase in fluorescence intensi-
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Fig. 3. Antioxidant activity of Vitis vinifera L. leaf extract (VE),
Centella asiatica extract (CE), and V. vinifera L. leaf and C. asiat-
jca extract combination (VCEC) in oxygen radical antioxidant ca-
pacity (ORAC) assays. The antioxidant activities of VE, CE, or
VCEC were evaluated using ORAC assays. Total antioxidant ac-
tivity is expressed as uM Trolox equivalents (TE)/g. Values are
shown as the mean£SD (n=3 with three replicates in each ex-
periment). " P<0.01 compared with the VE or CE group.
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Fig. 4. Effects of Vitis vinifera L. leaf extract (VE), Centella asiat-
jca extract (CE), and V. vinifera L. leaf and C. asiatica extract
combination (VCEC) on the viability of HUVECs. Cells were treat-
ed with various concentrations of VE, CE, or VCEC for 24 h. Cell
viability was determined by the thiazolyl blue tetrazolium bro-
mide assays. The results are expressed as a percentage of the
control. Values are the meanxSD (n=3 with three replicates in
each experiment).

ty induced by H,O, (P<0.001) in a dose-dependent man-
ner (Fig. 5). In particular, 25 and 50 pg/mL of VCEC de-
creased the amount of ROS to a level similar to that of
the control group. Pretreatment with VE (4.69, 9.38,
18.75, or 37.5 ug/mL) or CE (3.12, 6.25, or 12.5 pg/mL)
also significantly inhibited ROS production, but pretreat-
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Fig. 5. Effects of Vitis vinifera L. leaf extract (VE), Centella asiat-
jca extract (CE), and V. vinifera L. leaf and C. asiatica extract
combination (VCEC) on the intracellular reactive oxygen species
(ROS) production in human umbilical vein endothelial cells in
conditions of oxidative stress induced by H,0,. Cells were treat-
ed with various concentrations of VE, CE, and VCEC for 30 min
before exposure to 500 uM H,0, for 4 h. ROS production was
determined using 25 uM of 2°,7'-dichlorofluorescein diacetate.
The results are expressed as a percentage of the control.
Values are shown as the mean+SD (n=3 with three replicates
in each experiment). **P<0.01 and ***P<0.001 compared with
the H,0,-alone group.

ment with VCEC induced a greater inhibitory effect com-
pared with that for VE or CE alone.

Effect on NO level

To examine the effect of VCEC on NO levels, we meas-
ured the total NO in the culture supernatants. Exposure
to H,O, for 4 h considerably reduced NO release to 86.5
+3.7% compared with the control group (P<0.05) (Fig.
6). Pretreatment of cells with 37.5 pug/mL of VE and 50
ng/mL of VCEC (37.5 pg/mL of VE+12.5 pg/mL of CE)
significantly suppressed the decrease in NO release in-
duced by exposure to H,O,, whereas NO release was not
impacted by 12.5 pg/mL of CE.

Effect on HUVEC TEER

We further estimated the ability of VCEC to preserve the
endothelial monolayer barrier function by using TEER
measurements and permeability assays. First, TEER in
the HUVEC monolayer was measured using a Millicell-
ERS ohmmeter during H,O, exposure. H,O, substantial-
ly decreased TEER to 61+3% compared with the control
group (Fig. 7), indicative of damage to the endothelial
barrier. Pretreatment of the HUVEC monolayers with
37.5 pg/mL of VE and 50 pg/mL of VCEC (37.5 ng/mL
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Fig. 6. Effects of Vitis vinifera L. leaf extract (VE), Centella asiat-
jca extract (CE), and V. vinifera L. leaf and C. asiatica extract
combination (VCEC) on nitric oxide production in human um-
bilical vein endothelial cells in conditions of oxidative stress in-
duced by H,0.. Cells were treated with 37.5 pg/mL of VE, 12.5
ug/mL of CE, or 50 ug/mL of VCEC (37.5 ug/mL of VE+12.5
ug/mL of CE) for 30 min before exposure to 500 uM H,0, for
4 h. Total nitrite concentrations in culture supernatants were
measured using the Griess reagent. The results are expressed
as a percentage of the control. Values are presented as
meanxSD (n=3 with three replicates in each experiment).
**p<0.01 compared with the H,O-alone group; #P<0.05 or
#P<0.01 compared with the VE or CE group.

of VE+12.5 ug/mL of CE) for 30 min prior to H,O, expo-
sure protected the monolayer integrity against H,O»-in-
duced endothelial barrier dysfunction, whereas 12.5 pg/
mL CE was ineffective. In addition, treatment of the mon-
olayer with VCEC significantly attenuated the reduction
in TEER to a greater extent than treatment with VE alone.

Effect on HUVEC monolayer permeability

In addition to measuring TEER, permeability assays were
conducted to investigate the integrity of the HUVEC
monolayer. We used an in vitro vascular permeability as-
say kit to measure the accumulation of FITC-conjugated
dextran passing through the HUVEC monolayer. H,O,
significantly increased permeability to 218.3+16.9% com-
pared with the control group, and pretreatment with 37.5
ug/mL of VE, 12.5 pg/mL of CE, and 50 ug/mL VCEC
(37.5 pug/mL of VE+12.5 ng/mL of CE) prominently
abolished the H,O;-induced hyperpermeability (Fig. 8).
Treatment of the monolayer with VCEC showed a signif-
icantly greater inhibitory effect that treatment with VE or
CE alone. To confirm the unexpected synergistic effect
of VE and CE on HUVEC permeability, we used Colby’s
equation (Colby, 1967) to determine the benefit of com-
bining VE and CE. This equation has been used to eval-
uate the benefit of other herbal extract mixtures (Yimam
et al., 2016a). The observed value (77.8%) was greater
than the expected hypothetical value (74.8%), indicating
the existence of a synergistic effect of the two extracts
(Table 3).
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Fig. 7. Effects of Vitis vinifera L. leaf extract (VE), Centella asiat-
jca extract (CE), and V. vinifera L. leaf and C. asiatica extract
combination (VCEC) on the transendothelial electrical resist-
ance (TEER) of human umbilical vein endothelial cell (HUVEC)
monolayers in conditions of oxidative stress induced by H;0,.
Cells were treated with 37.5 pg/mL of VE, 12.5 pg/mL of CE,
or 50 ug/mL of VCEC (37.5 pg/mL of VE+12.5 ug/mL of CE) for
30 min before exposure to 500 uM H,0; for 4 h. The TEER of
HUVEC monolayers was detected using a Millicell-ERS
ohmmeter. Values represent the mean+SD (n=3 with three rep-
licates in each experiment). **P<0.01 compared with the
H,0,-alone group; #P<0.05 or */P<0.01 compared with the VE
or CE group.
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Fig. 8. Effects of Vitis vinifera L. leaf extract (VE), Centella asiat-
jca extract (CE), and V. vinifera L. leaf and C. asiatica extract
combination (VCEC) on the monolayer permeability of human
umbilical vein endothelial cells in conditions of oxidative stress
conditions induced by H;0.. Cells were treated with 37.5 pug/mL
of VE, 12.5 pug/mL of CE, or 50 pg/mL of VCEC (37.5 pg/mL of
VE+12.5 pg/mL of CE) for 30 min before exposure to 500 uM
H,0, for 4 h. The fluorescent intensities of fluorescein iso-
thiocyanate-dextran in receiver wells were quantified at an ex-
citation/emission wavelength of 485/535 nm. The results are
expressed as a percentage of the control. Values are the
meanxSD (n=3 with three replicates in each experiment).
**P<0.01 or ***P<0.001 compared with the H,0.-alone group:
#P<0.05 or *¥pP<0.001 compared with the VE or CE group.

Effect on VE-cadherin expression

To elucidate the regulatory mechanism of VCEC on en-
dothelial barrier function, the expression of VE-cadherin,
a major component of endothelial adherens junctions,
was assessed by ELISA. H,O, decreased the expression of
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Table 3. Unexpected synergistic effect of Vitis vinifera L. and
Centella asiatica on vascular permeability

Composition Material Dose (pg/mL) ir?f?irbciteig;
VCEC VE 355 60.6 (x)
CE 125 36.1 ()

Expected” 50 74.8

Observed” 50 77.8

Colby’s equation=x+y—(xy)/100.

"Calculated value according to Colby’s method.

IData observed when a composition was treated at 50 pg/mL,
when observed>expected=unexpected synergy.

VCEC, V. vinifera L. leaf and C. asiatica extract combination;

VE, V. vinifera L. leaf extract: CE, C. asiatica extract.

VE-cadherin to 77.8% of the control (Fig. 9). However,
pretreatment with 37.5 ug/mL of VE, 12.5 ng/mL of CE,
and 50 pg/mL of VCEC (37.5 pg/mL of VE+12.5 ug/mL
of CE) significantly abolished the H,O»-induced reduc-
tion in VE-cadherin expression. In particular, there was
a greater inhibitory effect for treatment with VCEC com-
pared with VE or CE alone.

DISCUSSION

Vascular disease, a disorder of the blood vessels, is one
of the most prominent chronic diseases, and develops
gradually over a long period of time (Ellulu et al., 2016).
Endothelial damage induced by oxidative stress related to
obesity, hyperlipidemia, and aging is considered to be an
early biomarker in the pathogenesis of several vascular
diseases (Pandian et al., 2005; Banerjee et al., 2019). A
previous study demonstrated that high levels of oxidative
stress are related to a remarkable increase in endothelial
cell cytotoxicity (Hermann et al., 1997). Therefore, there
is now a substantial amount of research being conducted
on new antioxidant agents that can reduce the oxidative
stress of blood vessels. Recently, Mo et al. (2017) showed
that scutellarin, a major active compound in Erigeron bre-
viscapus, ameliorated hyperlipidemia and oxidative injury
in rats fed a high-fat diet. Moreover, Gasparotto et al.
(2019) showed that Echinodorus grandiflorus extracts re-
duce atherosclerotic lesions in rabbits receiving a choles-
terol-rich diet by decreasing lipid and protein oxidation.
Thus, the discovery of new antioxidant agents that reduce
oxidative stress in the endothelium is a useful strategy
for decreasing the risk of vascular disease (Widlansky et
al., 2003).

To develop a new herbal combination, we investigated
the synergistic effect of VE and CE on the protection of
endothelial cells against oxidative stress. First, we exam-
ined the antioxidant activities of VE, CE, and VCEC us-
ing ORAC assays. VCEC exhibited a significantly greater
antioxidant capacity than VE or CE alone. Generally, the
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Fig. 9. Effects of Vitis vinifera L. leaf extract (VE), Centella asiat-
jca extract (CE), and V. vinifera L. leaf and C. asiatica extract
combination (VCEC) on vascular endothelial-cadherin (VE-cad-
herin) expression in human umbilical vein endothelial cells in
conditions of oxidative stress induced by H,0,. Cells were treat-
ed with 37.5 pg/mL of VE, 12,5 pg/mL of CE, or 50 pg/mL of
VCEC (37.5 pg/mL of VE+12.5 pg/mL of CE) for 30 min before
exposure to 500 uM H,0, for 4 h. VE-cadherin concentrations
were determined with an ELISA. The results are expressed as
a percentage of the control. Values are shown as the mean+SD
(n=3 with three replicates in each experiment). *P<0.05 or
**p<¢0.01 compared with the H,0-alone group; #P<0.05 or
#<0.01 compared with the VE or CE group.

antioxidant activities of herbs are mainly associated with
their phenolic and flavonoid compounds (Zheng and
Wang, 2001). V. vinifera L. leaves contain various flavo-
noids, such as quercetin 3-glucuronide, quercetin 3-glu-
coside, kaempferol 3-glucoside, and cyanidin 3-glucoside
(Sangiovanni et al., 2019). In addition, C. asiatica contains
a variety of triterpenoids, such as asiaticoside, asiatic
acid, madecassoside, and madecassic acid (Hashim et al.,
2011). Because using different compounds together may
affect their properties, mixtures of plants can show syner-
gistic effects. For instance, rosemary and sage extracts ex-
hibit a synergistic effect on antioxidant activity (Irwandi
et al., 2000), and Salvia miltiorrhiza and Dalbergia odorifera
extracts synergistically attenuate rat myocardial ischemia/
reperfusion injury (Mu et al., 2017). Moreover, when we
investigated H,O»-induced intracellular ROS production
in HUVEGs, pretreatment with VCEC inhibited ROS
production to a greater extent than VE or CE alone. As
mentioned above, oxidative stress induced by ROS in-
duces endothelial damage via oxidation of the cell mem-
brane, nucleotides, and proteins. Furthermore, ROS can
trigger the generation of inflammatory cytokines, such as
TNF-o and interleukin-8, as well as cell adhesion mole-
cules, which induce binding of monocytes to endothelial
cells (DeForge et al., 1993; Yamada, 2001). Therefore,
the inhibitory effect of VCEC on ROS production is crit-
ical for protection of the endothelium against oxidative
stress.

NO is one of the most critical regulators of endothelial
function that is released by endothelial cells. NO is a vas-
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orelaxant that plays a beneficial role in maintaining blood
pressure and cardiovascular physiology (Dimmeler and
Zeiher, 1999). Decreased levels of endothelium-derived
NO are associated with pathophysiological modifications
that occur in several vascular diseases (Drexler and
Hornig, 1999). In previous studies, H,O, has been shown
to inhibit NO production via reducing endothelial NO
synthase activity and to increase hyperpermeability of
endothelial cells (Boulden et al., 2006; Yin et al., 2014).
Consistent with this finding, our results showed that
H,0; significantly reduced NO production in HUVECs.
However, preincubation with VCEC significantly attenu-
ated the H,O»-induced decrease in NO generation to a
greater degree than preincubation with VE or CE. These
findings suggest that VE may exert a synergistic effect
with CE on NO production.

In addition, we evaluated the ability of VCEC to protect
the endothelial barrier function of HUVEC monolayers
against H,O,-induced oxidative stress. The endothelial
cell monolayer barrier is critical for maintaining vascular
homeostasis, and forming a gateway between the vascular
lumen and vascular wall (Rodrigues and Granger, 2015).
Various factors can disturb the structure and function of
the endothelial barrier and ultimately cause numerous
vascular diseases. One of these factors is oxidative stress;
during oxidative stress, ROS can induce barrier leakage
by upregulating vascular endothelial growth factor
(VEGF) and disrupting the integrity of tight junctions,
which subsequently increases permeability to macromol-
ecules, fluids, and inflammatory cells (Chua et al., 1998;
Zhao and Davis, 1998). In this study, we used TEER
measurements and permeability assays to estimate the
integrity of the endothelial monolayer in HUVECs. If the
integrity of the monolayer is unstable, membrane electri-
cal resistance is low, and paracellular transport of FITC-
dextran across the monolayer will increase. Our data in-
dicated that H,O, dramatically decreased the TEER value
and increased the endothelial permeability of FITC-dex-
tran. This indicates that the decreased TEER value of the
monolayer reflects the increase in monolayer permeabil-
ity. Pretreatment of the HUVEC monolayer with VE, CE,
or VCEC substantially inhibited the decrease in TEER
value induced by H,O,; however, inhibition by CE did not
reach statistical significance. Furthermore, the increased
FITC-dextran permeability stimulated by H,O, was sig-
nificantly reduced by the three treatments, in the follow-
ing order of magnitude: VCEC>VE>CE. In particular,
unexpected synergy was observed for VCEC in the per-
meability assay when calculated by Colby’s equation,
which has been previously used to determine the benefit
of blending other herbal extracts (Yimam et al., 2016b).
This protective effect of VCEC on barrier integrity might
be related to its ability to inhibit ROS production and in-
crease NO. Furthermore, VCEC upregulated VE-cadher-

in in conditions of oxidative stress. VE-cadherin is a ma-
jor molecule involved in adhesion at endothelial adhe-
rens junctions and thus regulates paracellular permeabil-
ity (Sarelius and Glading, 2015). Various inflammatory
mediators, including cytokines and oxidative stress, re-
duce VE-cadherin expression in vascular endothelial cells
and, consequently, increase endothelial cell permeability
(Alexander et al., 2000; Hofmann et al.,, 2002). We
showed that VCEC inhibited the decrease in VE-cadher-
in expression induced by H,O.. This result suggests that
VCEC protects the endothelial barrier function by regu-
lating adhesion molecules. However, other signaling fac-
tors may also be associated with the activity of VCEC.

The mitogen-activated protein kinase (MAPK) family
of proteins, which includes p38 MAPK, extracellular sig-
nal-regulated kinase 1/2 (ERK1/2), and c-Jun-NH,-ter-
minal kinase, is known to regulate vascular permeability
(Bogatcheva et al., 2003). Specifically, it has been report-
ed that H,O, triggers an increase in HUVEC solute per-
meability through disorganizing tight junction proteins,
such as occludin and zonula occludens (ZO)-1, via acti-
vating ERK1/2 and/or p38 MAPK pathways (Kevil et al.,
2000; Kevil et al., 2001). Additionally, H,O, induces vas-
cular permeability by upregulating VEGF, a vascular per-
meability factor and an endothelial cell-specific mitogen
(Chua et al., 1998; Lee et al., 2006). In recent studies, VE
has been shown to counteract the release of VEGF in-
duced by H,O, in human keratinocytes, and stem ex-
tracts have been shown to reduces levels of VEGF in hu-
man endothelial cells (Stagos et al., 2014; Sangiovanni et
al., 2019). In another study, the major compound of VE,
quercetin 3-glucuronide, was shown to inhibit ROS gen-
eration and lipid peroxidation by increasing the activities
of antioxidant enzymes, such as SOD and CAT, by upre-
gulating heme oxygenase-1 via the transcription factors
nuclear factor E2-related factor 2 and activator protein-1
(Lee et al., 2017). In the case of C. asiatica, the major ac-
tive compounds asiaticoside and asiatic acid protect
against TNF-a-induced endothelial barrier dysfunction by
abrogating the structural reorganization of occludin, ZO-
1, and adherens junction proteins, such as VE-cadherin
and B-catenin (Fong et al., 2015; Fong et al., 2019). Fur-
thermore, madecassoside, another active constituent, in-
hibits p38 MAPK activity induced by H,O, in HUVECs
(Bian et al., 2012). Given these findings, it is possible
that various compounds contained in the standardized
blend of VCEC may have synergistic effects for protecting
endothelial barrier function against oxidative damage, ac-
ting via multiple mechanisms of action. However, further
research is needed to elucidate the specific compounds
that contribute to the synergistic effects on antioxidant
activity and endothelial barrier function.

In conclusion, our study has demonstrated for the first
time that combining extracts from the leaves of V. vinifera
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and C. asiatica had a synergistic effect on protecting the
endothelium against oxidative stress. Compared with VE
or CE alone, VCEC shows a stronger protective effect on
endothelial barrier function owing to its antioxidant ac-
tivity and regulation of NO and VE-cadherin levels. There-
fore, VCEC may potentially be considered a useful ther-
apeutic for the treatment of vascular diseases associated
with oxidative stress. However, in vivo studies and clin-
ical trials are required to prove the efficacy of VCEC in
reducing the risk of vascular diseases.
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