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Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of endothelial nitric oxide
synthase (eNOS). ADMA is degraded by dimethylarginine dimethylaminohydrolase (DDAH).
Elevated levels of ADMA lead to reduction in nitric oxide (NO) production, which is linked to
endothelial dysfunction and atherosclerosis. Pjper sarmentosum is an herb that has shown
stimulation on endothelial NO production by increasing both expression and activity of eNOS.
Thus, this study determined whether the positive effect of P sarmentosum on NO production
is related to its modulation on the DDAH-ADMA pathway in cultured human umbilical vein
endothelial cells (HUVEC) exposed to tumor necrosis factor-a (TNF-«). HUVEC were divided
into four groups: control, treatment with 250 pg/ml of aqueous extract of P sarmentosum
leaves (AEPS), treatment with 30 ng/ml of TNF-a, and concomitant treatment with AEPS and
TNF-a for 24 h. After treatments, HUVEC were collected to measure DDAHT messenger
RNA (mRNA) expression using quantitative real-time polymerase chain reaction. DDAH1
protein level was measured using enzyme-linked immunosorbent assay (ELISA), and DDAH
enzyme activity was measured using colorimetric assay. ADMA concentration was measured
using ELISA, and NO level was measured using Griess assay. Compared to control, TNF-a-
treated HUVEC showed reduction in DDAHT mRNA expression (P < 0.05), DDAH1 protein
level (P < 0.01), and DDAH activity (P < 0.05). Treatment with AEPS successfully increased
DDAHT mRNA expression (P < 0.05), DDAH1 protein level (P < 0.01), and DDAH activity
(P < 0.05) in TNF-a-treated HUVEC. Treatment with TNF-a caused an increase in ADMA
level (P < 0.01) and a decrease in endothelial NO production (P < 0.001). Whereas treatment
with AEPS was able to reduce ADMA level (P < 0.01) and restore NO (P < 0.001) in TNF-a-
treated HUVEC. The results suggested that AEPS promotes endothelial NO production by
stimulating DDAH activity and thus reducing ADMA level in TNF-a-treated HUVEC.

Keywords: Piper sarmentosum, asymmetric dimethylarginine, dimethylarginine dimethylaminohydrolase, human
umbilical vein endothelial cells, tumor necrosis factor-a, endothelial dysfunction

Frontiers in Pharmacology | www.frontiersin.org 1

September 2019 | Volume 10 | Article 1033


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2019.01033
https://www.frontiersin.org/journals/pharmacology#editorial-board
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2019.01033&domain=pdf&date_stamp=2019-09-17
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/article/10.3389/fphar.2019.01033/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01033/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01033/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01033/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01033/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01033/full
https://loop.frontiersin.org/people/797092
https://loop.frontiersin.org/people/736294
https://loop.frontiersin.org/people/797116
https://loop.frontiersin.org/people/45942
https://loop.frontiersin.org/people/796999
https://creativecommons.org/licenses/by/4.0/
mailto:dr.azizah@ppukm.ukm.edu.my
https://doi.org/10.3389/fphar.2019.01033

Sundar et al.

Piper sarmentosum Reduces ADMA

INTRODUCTION

Atherosclerotic cardiovascular disease is the leading cause of
mortality worldwide (Benjamin et al, 2017). The earliest stage
of atherosclerosis development is endothelial dysfunction that
is associated with other cardiovascular risk factors such as
hypertension,  hypercholesterolemia,  hyperhomocysteinemia,
diabetes mellitus, obesity, and systemic inflammation, contributing
to the pathogenesis of cardiovascular diseases (Su, 2015). Endothelial
dysfunction is defined as the loss of the homeostatic mechanisms
that operate in healthy endothelial cells. It is characterized by
decreased bioavailability of nitric oxide (NO), which promotes
vascular dysfunction and atherosclerosis progression (Su, 2015).

Endothelium-derived NO is synthesized by endothelial
nitric oxide synthase (eNOS). NO acts as an endogenous anti-
atherosclerotic molecule by inducing vasodilation (Sukhovershin
et al,, 2015) and inhibiting monocyte adhesion, smooth muscle
cell proliferation, and platelet aggregation (Ishizaka et al., 2007).
Decrease of NO leads to endothelial dysfunction and subsequently
promotes atherosclerosis. Asymmetric dimethylarginine (ADMA)
is a competitive inhibitor of eNOS, which reduces NO production.
ADMA level was increased in individuals with hypercholesterolemia,
hypertension, diabetes mellitus, and hyperhomocysteinemia,
leading to increased risk of atherosclerosis (Jawalekar et al., 2013).

A small part of ADMA is excreted via the kidneys, while most
ADMA is degraded by dimethylarginine dimethylaminohydrolase
(DDAH) enzyme to dimethylamine and L-citrulline (Liu et al,
2016). Reduction in DDAH activity leads to an increase in ADMA,
which in turn reduces eNOS activity and NO production (Czarnecka
etal,, 2017). Tumor necrosis factor-a (TNF-a) is a pro-inflammatory
cytokine that reduces the expression and activity of eNOS. TNF-a
also reduces DDAH activity and consequently increases ADMA level
(Vairappan, 2015). There are two isoforms of DDAH, with DDAH1
predominantly found in the kidneys and brain while DDAH?2 is
present mainly in the kidneys and heart (Bulau et al., 2007). Several
studies have identified the role of DDAH1 in ADMA degradation
and NO synthesis while the physiological function of DDAH?2 is still
undetermined (Liu et al., 2016). Enzyme kinetics of these isoforms
demonstrated a V. value of 356 and 4.8 nmol/mg/min for ADMA
of DDAH1 and DDAH?2, respectively. Thus, the apparent rate of
ADMA degradation for DDAHI is 70 times higher than that
of DDAH2 (Pope et al., 2009). Based on these enzyme kinetics
studies, DDAH1 is recognized as the principal ADMA metabolizing
pathway in the endothelium. In addition, overexpression of DDAH1
was reported to reduce ADMA level in mice (Zhang et al,, 2011).
Hence, this study was focused mainly on DDAH]I expression.

Piper sarmentosum is an herbaceous plant that is widely used
in Chinese traditional medicine to treat fever, cough, pleurisy,
toothache, and dyspepsia. The vernacular names of P. sarmentosum
vary among different countries such as daun kaduk in Malaysia,
cha plu in Thailand, and ging ju in China. The plant easily grows in
tropical and subtropical regions, especially in shady and moist areas
(Chaveerach etal., 2008). Aqueous extract of P. sarmentosum (AEPS)
leaves is rich in flavonoids and possesses numerous pharmacological
properties such as anti-inflammatory, antioxidant, antibacterial, and
anti-osteoporosis activities (Chan and Wong, 2014). AEPS leaves also
reduced the formation of atherosclerosis in hypercholesterolemic

rabbits (Adel et al., 2010). The extract was able to reduce blood
pressure and increase serum nitric oxide in spontaneously
hypertensive rats (Zainudin et al., 2015). Subacute toxicity study in
rats showed that AEPS leaves was safe for consumption (Zainudin
et al,, 2013). In addition, AEPS leaves promoted the production
of NO in human umbilical vein endothelial cells (HUVEC) by
increasing both expression and activity of eNOS (Ugusman et al.,
2010). Therefore, this study was conducted to determine whether
the positive effect of P. sarmentosum on NO production is related to
its modulation on the DDAH-ADMA pathway in HUVEC treated
with TNF-a. We hypothesized that AEPS stimulated endothelial
NO generation by increasing DDAH and decreasing ADMA, hence
protecting against endothelial dysfunction and atherosclerosis.

MATERIALS AND METHOD

Preparation and Chemical Analysis of
Aqueous Extract of P. sarmentosum

Fresh leaves of P. sarmentosum were purchased in one batch from
Herbagus Sdn. Bhd., Penang, Malaysia, and only this batch was
used throughout the study. The leaves were identified by plant
taxonomists in Herbarium, Universiti Kebangsaan Malaysia
(UKM) (specimen voucher number: UKMB40240). AEPS was
prepared according to the previous method (Ugusman et al., 2010).
Fresh P. sarmentosum leaves were rinsed with water, dried under
sunlight, and blended into powder. Then, 100 g of the powder were
immersed in 900 ml of Milli-Q water (1:10, w/v) in a reflux extractor
machine. The extract was boiled at 80°C for 3 h, and the resulting
solution was filtered and frozen at —80°C. Finally, the extract was
freeze-dried and stored at 4°C. Liquid chromatography (LC)-mass
spectrometry (MS) Orbitrap full-scan analysis was conducted to
identify the compounds present in AEPS. LC-ultraviolet (UV)
analysis was performed using the Accela™ ultrahigh-performance
LC (UHPLC) system (Thermo Scientific, San Jose, USA) equipped
a with quarternary pump, a build degasser, a photodiode array
(PDA) detector, and an autosampler. The column used for the
chromatographic separation was a Luna Kinetex Reversed Phase
C18 column [2.6-um particle size, 2.1- mm inner diameter (ID)
x 150 mm]. The conditions consisted of a gradient elution using
acetonitrile as mobile phase A and 0.1% formic acid as phase B at
a flow rate of 200 ul/min over 40 min. The following gradient was
applied: 0-20 min, 5% A; 20-30 min, 35% A; 30-35 min, 100%
A; 35-35.01 min, 5% A, returning to 5% A in 5 min, with 10 pul
of sample injected. The compounds eluted and separated were
further analyzed with a linear trap quadrupole) LTQ Orbitrap
mass spectrometer (Thermo Scientific, San Jose, USA) operating
in a negative ion mode. The operating parameters were as follows:
source accelerating voltage, 4.0 kV; capillary temperature, 350°C;
sheath gas flow, 40 arb; auxiliary gas, 20 arb. Mass spectra were
acquired with a scan range of 300-1,000 m/z. All data were
processed with the Xcalibur™ 2.1 software (Thermo Scientific,
San Jose, USA). LC-MS Orbitrap full-scan analysis identified a
total of 19 compounds in AEPS (Figure 1). The compounds
were characterized using retention times (R,) and mass
spectra, as provided by electrospray ionization (ESI)-MS
(summarized in Table 1).
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FIGURE 1 | Total ion chromatogram of aqueous extract of P. sarmentosum
leaves (AEPS). Peaks are identified with numbers according to the elution
order (refer to Table 1).

Isolation and Culture of HUVEC

HUVEC were isolated from human umbilical cords collected from
the labor room of the Department of Obstetrics and Gynaecology,
Hospital Kuala Lumpur. This study was approved by the Ethical
Research Committee of Universiti Kebangsaan Malaysia Medical
Centre and National Medical Research Registration (approval

numbers: FF-2014-412 and NMRR-14-583-20729). Informed
consent was obtained from all volunteers prior to delivery. HUVEC
were isolated using collagenase infusion as described previously
(Ugusman et al., 2010). The cells were cultured in endothelial
cell medium (ECM) (ScienCell Research Laboratories, Inc., San
Diego, CA) at 37°C in a humidified 5% CO, incubator. The cells
were not exposed to shear stress as the cell culture media did not
fluctuate during the experiments and the cells were maintained
in static conditions (Albuquerque et al., 2000). HUVEC were
subcultured until they reached passage 3 at 80% confluency.

3-(4,5-Dimethylthiazol-2-Y1)-2,5-
Diphenyltetrazolium Bromide (MTT)

Assay for Determination of Cell Viability
and Griess Assay for Determination

of NO Level

Optimal dose of TNF-a was determined based on its effect on
HUVEC viability and NO production. Briefly, 5 x 10* HUVEC per
well were seeded in a 96-well plate and allowed to attach for 24 h. The
cells were then exposed to 10 to 40 ng/ml of TNF-a for 24 h. MTT
assay was used to measure the viability of HUVEC while Griess
assay was used to measure NO level in the culture medium. MTT
assay was done according to a previous method (Ugusman et al.,
2012). Briefly, 200 pl of MTT solution was added to each well, and
the mixture was incubated for 4 h. Subsequently, the supernatants

TABLE 1 | Retention time (R,) and mass spectra details for compounds identified in the negative mode of liquid chromatography (LC)-mass spectrometry (MS) Orbitrap

full-scan analysis.

Peak R; (min) m/z Molecular weight Molecular Proposed compound
formula

1 1.98 195.0503 (M-Na) 218.252 Cy5H140;4 2,2-Dimethyl-2H-1-benzopyran-
6-carboxylic acid; methyl ester

2 2.61 191.01933 (M-H) 192.214 Cy4H;,04 1-Allyl-2-methoxy-4,5-
methylenedioxybenzene/sarisan/
asaricin

3 3.56 203.0820 (M-H) 204.35 CisHas Sesquisabinene

4 5.16 315.0530 (M-H) 316.5 Cy1H30, 1-(3,4-Methylenedioxyphenyl)-1E-
tetradecene

5 6.18 341.0863 (M-H) 342.3 Cy5H10, 1-O-Caffeoylgalactose

6 6.7 195.0504 (M-H) 196.202 CyoH:.0, 2’-Hydroxy-4',6'-
dimethoxyacetophenone

7 7.72 431.0965 (M-H) 432.38 CyiHa0010 Vitexin

8 9.31 206.0816 (M-Na) 229.279 Cy4H15NO, N-[3-(4-Methoxyphenyl)propanoyl]
pyrrole

9 13.9 209.0812 (M-H) 210.229 Ci1H:.0, Kadsuketanone A

10 14.75 239.0918 (M-H) 240.255 Cy,H1605 3,4,5-Trimethoxydihydrocinnamic
acid

11 16.71 237.0761 (M-H) 238.239 Ci,H1405 2,4,5-Trimethoxycinnamic acid

12 18.3 225.1125 (M-H) 226.275 Cy5H1,0, 1-Phenylethanol; benzoyl

13 19.6 361.1851 (M-H) 362.381 CyoH505 Isochamanetin

14 23.46 229.1441 (M-H) 230.348 CigHo0s Sarmentol A

15 25 243.1595 (M-H) 244.331 Cy5H,,0, Sarmentoic acid

16 25.74 279.1568 (M-Na) 302.238 CisH100; Quercetin

17 26.86 271.1906 (M-H) 272.256 Cy5H1,05 Naringenin

18 27.83 293.2112 (M-Na) 316.5 C,H3,0, 1-(3,4-Methylenedioxyphenyl)-1E-
tetradecene; (E)-form

19 29.63 265.1471 (M-H) 266.293 C4H505 3,4-Dihydroxy-5-(3-methyl-2-

butenyl)benzoic acid; 3'-isomer,
2’-hydroxy, ethyl ester
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were aspirated, and the purple formazan crystal formed in each
well was dissolved in 200 pl of DMSO. The absorbance of each well
was read at 570 nm. A nitrate/nitrite colorimetric assay kit (Sigma-
Aldrich, USA) was used to measure NO level indirectly in the cell
culture medium as described previously (Ugusman et al., 2010).
The principle of this assay is based on the measurement of total
nitrite in the sample whereby nitrate reductase was utilized for
enzymatic reduction of nitrate to nitrite. Total nitrite was measured
at 540- nm absorbance after adding Griess reagents. Even though
Griess reaction is less sensitive to quantitate NO generation
compared to the direct method, it is the most extensively used
method to measure NO indirectly; this method is fast and cheap
and has a strong literature background (Csonka et al., 2015).
HUVEC were exposed to 50-300 pg/ml of AEPS for 24 h,
and cell viability was measured using MTT assay to assess the
extract’s cytotoxicity effect. In order to determine the optimal
dose of AEPS for subsequent experiments, HUVEC were treated
concomitantly with 30 ng/ml of TNF-a and three different
concentrations of AEPS (150, 250, and 300 pg/ml) for 24 h.
AEPS at these concentrations was used as it had shown potent
antioxidant effects in a previous study (Hafizah et al., 2010).
Subsequently, HUVEC viability and NO production were
measured using MTT assay and Griess assay, respectively.

Experimental Protocol

HUVEC at 1 x 10° cell density were seeded onto six-well
tissue culture plates and allowed to grow until it reached 80%
confluency. The cells were then divided into four groups: control,
treatment with 250 pg/ml of AEPS, treatment with 30 ng/ml of
TNF-a, and concomitant treatment with 250 ug/ml of AEPS and
30 ng/ml of TNF-a for 24 h. The dose of TNF-a (30 ng/ml) was
chosen as it was the first dose that significantly reduced HUVEC
viability and NO production. As for AEPS, 250 ug/ml of AEPS
was used as it significantly increased HUVEC viability and NO
production when exposed to 30 ng/ml of TNF-a.

Quantitative Real-Time Polymerase Chain
Reaction (QRT-PCR) for Measurement of
DDAH1 mRNA Expression

Extraction of RNA was done using TRI reagent (Molecular
Research Center, Cincinnati, Ohio) as described previously
(Ugusman et al., 2011). Following RNA extraction, cDNA
synthesis was carried out using SuperScript® III First-Strand
Synthesis SuperMix for qRT-PCR kit (Invitrogen, Carlsbad,
USA). Master mixes containing SYBR® Select Master Mix
(BIO-RAD Laboratories, Hercules, USA), ¢cDNA samples,
RNase- and DNase-free distilled water, and forward and
reverse primers were prepared and pipetted into the PCR plate.
Specific forward and reverse primers were used as follows:
DDAHI1 (GenBank accession no. BC_033680), forward:
5’-ggacaaatcaacgaggtgct-3’, reverse: 5'-tagcggtggtcactcatctg-3';
and GAPDH (GenBank accession no. NM_002046), forward:
5'-tccctgagetgaacgggaag-3', reverse: 5'-ggaggagtgegtgtcgetgt-3'. The
reaction was conducted at initial denaturing at 95°C for 3 min; then
involved 40 cycles of 61°C for 30 s, 95°C for 1 min, 55°C for 1 min,
70 cycles of 60°C for 10 s; and terminated by a cooling step at 4°C.

Each experiment was performed in duplicate. The specificity of the
PCRs was verified by analysis of melting curves and 1.5% agarose gel
electrophoresis. The threshold cycle (C;) value was determined, and
the relative mRNA expression of DDAH was analyzed as follows:

Relative mRNA expression = 274"

AAC; = C,GAPDH — C,.DDAH1

ELISA for Measurement of DDAH1

Protein Level

DDAH]1 protein level in HUVEC was measured using a human
DDAHI1 ELISA kit (Cloud-Clone Corp., USA) according to the
manufacturer’s instructions. Briefly, 100 pl of HUVEC lysates
was added into the plate and incubated for 2 h at 37°C. After
incubation, liquid from each well was aspirated, and biotin-
conjugated antibody specific to DDAH 1 was added. After
washing, avidin conjugated to horseradish peroxidase (HRP)
was added followed by 3,3',5,5'-tetramethylbenzidine (TMB)
substrate solution. Optical density (OD) of the wells was
measured at 450 nm using a spectrophotometer.

Colorimetric Assay for Measurement of
DDAH Enzyme Activity

The activity of DDAH was determined based on a previous method
(Prescott and Jones, 1969). The principle of this assay was based on
the measurement of L-citrulline produced by DDAH from ADMA
degradation in the sample in a timed reaction. Serially diluted
L-citrulline standard of different concentrations from 0 to 100 mM
was prepared. HUVEC lysates were centrifuged at 3,000 g for 10 min,
and the supernatant was collected. Then, 250 pl of 20% sulfuric acid
solution containing 0.5% w/v antipyrine and 250 ul of 5% acetic
acid solution containing 0.8% w/v diacetyl monoxime were mixed.
Subsequently, 100 pl of the mixture was added to each sample. The
mixtures were incubated in a shaker incubator at 60°C for 110 min
in a dark state before the absorbance was measured at 466 nm.
Concentration of L-citrulline in the sample was calculated based on
the standard curve. Total protein concentration in the samples was
determined using Bradford assay (Bradford, 1976). DDAH enzyme
activity is calculated based on the following formula:

DDAH activity = ([L - citrulline] /1 10) / [total protein]

Total protein (mg)

ELISA for Measurement of

ADMA Concentration

ADMA concentration in HUVEC was determined using a human
ADMA ELISA kit (Cloud-Clone Corp., USA) according to the
manufacturer’s instructions. HUVEC lysate and biotin-labeled
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ADMA were added into their respective wells. The mixture was
mixed and incubated for an hour at 37°C. After incubation,
liquid was aspirated and washed. Then, avidin conjugated to HRP
was added to each well and incubated for 30 min at 37°C. The
processes of aspiration and washing were repeated. After the last
wash, TMB substrate solution and sulfuric acid were added. OD
of each well was measured at 450 nm using a spectrophotometer.

Statistical Analysis

Data were analyzed using SPSS version 21.0 software. The
Kolmogorov-Smirnov test was used to measure the normality of the
data. Then, the data were analyzed using one-way ANOVA and post
hoc Tukey test. The data were presented as mean + standard error for
the mean (SEM). Differences were considered significant at P < 0.05.

RESULTS

AEPS Protected Against TNF-a-Induced
Cytotoxicity

Exposure to varied concentrations of AEPS up to 300 pg/ml did
not cause noticeable toxicity to HUVEC whose viability was
80% and above (Figure 2A). Treatment with different TNF-a
concentrations ranging from 10 to 40 ng/ml induced cell death
and reduced NO level in a dose-dependent manner with 30 and
40 ng/ml of TNF-a causing significant reduction in HUVEC
viability (P < 0.05) and NO level (P < 0.05) (Figures 2B, C).
Thus, 30 ng/ml of TNF-a as the first dose causing significant
reduction in HUVEC viability and NO level was selected for
subsequent experiments. In the presence of AEPS, TNF-a-
induced cytotoxicity was significantly reduced, as determined by
MTT (Figure 2D) and Griess (Figure 2E) assays, as well as cell
density and morphological examination (Figure 2F). Treatment
of TNF-a-induced HUVEC with 150, 250, and 300 pg/ml of
AEPS also successfully increased HUVEC viability (P < 0.05)
(Figure 2D). However, there was no significant difference in cell
viability between these three doses of AEPS. In addition, Griess
assay showed that treatment of TNF-a-induced HUVEC with
150, 250, and 300 pg/ml of AEPS increased NO production by
HUVEC (P < 0.05) (Figure 2E). AEPS concentrations of 250
and 300 pg/ml stimulated more NO production compared to
150 pg/ml of AEPS (P < 0.05). However, there was no significant
difference in the NO level between 250 and 300 pg/ml of AEPS.
Based on the effects of AEPS on cell viability and NO production,
250 pg/ml of AEPS was selected as the dose for subsequent
experiments. HUVEC exposed to 250 ug/ml of AEPS showed
a normal cobblestone appearance and had a similar density as
the control group (Figure 2F). TNF-a induced HUVEC had a
striated appearance with less cell density compared to control.
Treatment of TNF-a-induced HUVEC with AEPS improved the
density, and the cells retained the cobblestone appearance.

DDAH1 mRNA Expression in HUVEC

There was no significant difference in DDAHI mRNA expression
for the AEPS group compared to the control group (P = 0.061)
(Figure 3). TNF-a decreased DDAHI mRNA expression by 0.52-
fold compared to control (P=0.011). Treatment of TNF-a-induced
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FIGURE 2 | Protective effect of aqueous extract of P sarmentosum leaves
(AEPS) against tumor necrosis factor (TNF)-a-induced toxicity in human
umbilical vein endothelial cells (HUVEC). Toxicity of AEPS in HUVEC was
determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay after treatment with 50-300 pg/ ml of AEPS for 24 h (A). Cells
were exposed to 10-40 ng/ml TNF-a for 24 h, cell viability was measured
by MTT assay (B), and NO level was measured by Griess assay (C). In
addition, HUVEC were treated with 30 ng/ml of TNF-a in combination

with different concentrations of AEPS (150, 250, and 300 pg/ ml) for 24 h,
and then cell viability (D) and NO level (E) were measured. Cell density
and morphology were observed under microscope at 100x magnification
(F). All data are shown as the mean + SEM of at least three independent
experiments (*P < 0.05 compared with the control group, *P < 0.05
compared with the TNF-a group, $P < 0.05 compared with the group
treated with 150 pg/ml of AEPS).
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FIGURE 3 | DDAH1 messenger RNA (MRNA) expression in human umbilical
vein endothelial cells (HUVEC). Data shown as mean + SEM, n = 6 [*P < 0.05
compared with the control group, #P < 0.05 compared with tumor necrosis
factor (TNF)-a group].
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HUVEC with AEPS increased DDAHI mRNA expression by
0.47-fold compared to the TNF-a group (P = 0.033).

DDAH?1 Protein Level in HUVEC

AEPS increased DDAHI1 protein level compared to control
(P =0.001) (Figure 4). TNF-a decreased DDAHI protein level
in HUVEC compared to control (P = 0.004). Treatment of TNF-
a-induced HUVEC with AEPS increased DDAH]1 protein level
compared to the TNF-a group (P = 0.002).

DDAH Enzyme Activity in HUVEC

AEPS induced DDAH activity compared with control (P = 0.023)
(Figure 5). TNF-a caused a reduction in DDAH activity
compared to control (P = 0.016). Treatment of TNF-a-induced
HUVEC with AEPS increased DDAH activity compared to the
TNF-a group (P = 0.039).

ADMA Concentration in HUVEC

There was no significant difference in ADMA level between the
AEPS and control groups (P = 0.076) (Figure 6). Treatment of
HUVEC with TNF-a resulted in an increase in ADMA compared
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FIGURE 4 | DDAH1 protein level in human umbilical vein endothelial cells
(HUVECQ). Data shown as mean + SEM, n = 6 [**P < 0.01 compared with
the control group, #*#P < 0.01 compared with the tumor necrosis factor
(TNF)-a group].
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FIGURE 5 | Dimethylarginine dimethylaminohydrolase (DDAH) enzyme
activity in human umbilical vein endothelial cells (HUVEC). Data shown as
mean + SEM, n = 6 [*P < 0.05 compared with the control group, *P < 0.05
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FIGURE 6 | Asymmetric dimethylarginine (ADMA) concentration in human
umbilical vein endothelial cells (HUVEC). Data shown as mean + SEM, n = 6
[**P < 0.01 compared with THE control group, #P < 0.01 compared with the
tumor necrosis factor (TNF)-a group].

compared with the tumor necrosis factor (TNF)-a group].

to control (P = 0.0008). Treatment of TNF-a-induced HUVEC
with AEPS successfully reduced ADMA concentration compared
to the TNF-a group (P = 0.001).

NO Production in HUVEC

There was a significant increase in NO level produced by HUVEC
treated with AEPS compared to the control group (P = 0.0001)
(Figure 7). HUVEC induced by TNF-a showed a decrease in
NO level compared to control (P = 0.0007). On the other hand,
treatment of TNF-a-induced HUVEC with AEPS promoted NO
production compared to the TNF-a group (P = 0.0001).

DISCUSSION

The main findings from this study were AEPS stimulated
DDAH activity, thus decreasing ADMA level and increasing
NO production in TNF-a-treated HUVEC. The results showed
that TNF-a decreased DDAHI mRNA expression compared to
control. This is in accordance with a previous study whereby
mRNA expression of DDAHI is decreased in HUVEC treated
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FIGURE 7 | Nitric oxide level in human umbilical vein endothelial cells (HUVEC).
Data shown as mean + SEM, n = 6 [***P < 0.001 compared with the control
group, ##P < 0.001 compared with the tumor necrosis factor (TNF)-a group].
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with TNF-a or oxidized low-density lipoprotein (ox-LDL) (Ito
et al., 1999). Induction with TNF-a also caused reduction in
DDAHI protein level and DDAH activity. This study was in
conformity with the previous study whereby 250 U/mol of TNF-a
reduced 60% of DDAH activity in endothelial cells (Vairappan
etal.,2009). AEPS was able to increase DDAHI mRNA expression
in HUVEC treated with TNF-a. AEPS increased DDAHI mRNA
expression, causing more DDAHI protein to be synthesized and
DDAH activity to be increased. AEPS was reported to have anti-
inflammatory action whereby it suppressed nuclear factor-xf
(NF-kp) activation and cellular adhesion molecule expression
in HUVEC treated with TNF-a (Ismail et al., 2018). Anti-
TNF therapy resulted in reduced NF-kfB-driven inflammation
and improved DDAH and eNOS expression in cirrhotic rats
(Balasubramanian et al., 2017). Therefore, in this study, the anti-
inflammatory activity of AEPS could be a factor contributing to
improved DDAH activity in TNF-a-induced HUVEC.

Since DDAH plays an important role in degrading ADMA,
reduction in DDAH activity leads to an increase in ADMA, which
in turn reduces eNOS activity and NO production. High ADMA
concentration in the plasma is a risk factor for development of
atherosclerosis and cardiovascular diseases (Jawalekar et al,,
2013). This study showed that treatment of HUVEC with TNF-a
for 24 h caused an increase in ADMA level. A previous study
showed that TNF-a-treated HUVEC had higher level of ADMA
after 24 and 48 h of incubation (Eid et al., 2007). Another in vitro
study reported that HUVEC exposed to TNF-a for 48 h showed
eight times increase in ADMA level (Ito et al., 1999) and DDAH
activity decreased to 60% of baseline value.

Based on previous studies, intracellular DDAH plays an
important role in controlling ADMA concentrations (Vairappan
et al., 2009). Endothelial cells exposed to S-2-amino-4(3-
methylguanidino) butanoic acid had reduced DDAH activity and
increased ADMA formation (MacAllister et al., 1996). Similarly,
in another study, exposure of endothelial cells to TNF-a caused
a reduction in DDAH activity that leads to accumulation of
intracellular ADMA (Eid et al., 2007). Treatment of TNF-a-
induced HUVEC with AEPS successfully decreased ADMA
level. Since AEPS stimulates DDAH activity, more ADMA will
be degraded to L-citrulline and dimethylamine, thus decreasing
ADMA level. On the other hand, there are several therapeutic
ways to reduce ADMA. Previous studies have reported that
L-arginine supplementation enhances endothelial function in
hypercholesterolemic rabbits by reducing ADMA (Brinkmann
et al, 2015). A clinical study on patients with rheumatoid
arthritis showed a significant reduction in ADMA after 3 months
of treatment with TNF-a inhibitors by increasing endothelial
progenitor cells (Spinelli et al., 2013).

Endothelial NO is mainly synthesized by eNOS from L-arginine.
Treatment of HUVEC with TNF-a reduced NO production. By
inhibiting DDAH activity, TNF-a reduces ADMA degradation.
ADMA inhibits eNOS competitively, thus reducing NO synthesis
(Czarnecka et al., 2017). Furthermore, TNF-a reduces eNOS
mRNA expression and the stability of eNOS mRNA, resulting in
further reduction of NO production in HUVEC (Guijun et al,,
2008). Treatment of TNF-a-induced HUVEC with AEPS promoted
NO production. Since AEPS was able to stimulate DDAH activity,

less ADMA was available to inhibit eNOS. This resulted in the
increase in NO level. The results were in accordance with previous
study whereby AEPS leaves stimulated eNOS activity and NO
production in HUVEC (Ugusman et al., 2010).

The results also showed that AEPS promoted NO generation in
both the absence and presence of TNF-a. In an earlier study, AEPS
leaves had been shown to stimulate NO production in the absence
and presence of hydrogen peroxide (H,0,) (Ugusman et al., 2010).
Even in baseline culture condition without H,O, treatment, AEPS
alone was able to increase eNOS mRNA expression, eNOS protein
level, and eNOS activity in HUVEC. This resulted in increased NO
production by the cells (Ugusman et al.,, 2010). In this study, at
baseline condition, AEPS alone promoted NO generation together
with increased DDAH protein level and activity. Increased DDAH
activity caused ADMA level to be maintained at a low baseline level,
hence promoting eNOS activity and NO production. This result
suggested that AEPS improved endothelial function by augmenting
endothelial NO production in both healthy and diseased states.

Antioxidants are known to enhance NO by scavenging
reactive oxygen species (ROS), hence protecting NO against
oxidative destruction by ROS (Ignarro et al., 2006). As AEPS has
an antioxidant effect, there may be a possibility that the increase
in NO in this study is contributed by its ROS scavenging action
too. However, this factor is beyond the scope of our study. It will
be interesting to look at this factor in future experiments.

LC-MS Orbitrap full-scan analysis of AEPS leaves used in
this study showed the presence of flavonoids such as naringenin,
quercetin, and vitexin. Naringenin had been shown to stimulate
eNOS and NO in endothelial cells exposed to high glucose (Qin
et al., 2016). Quercetin caused an increase in plasma NO and
eNOS activity in vascular tissues of hypertensive rats (Yamamoto
and Oue, 2006). Besides, quercetin increased DDAH activity
and decreased ADMA concentration in rat’s liver (Trocha et al.,
2012). Consumption of biscuits containing bioactive complex
of quercetin, selenium, catechins, and curcumin reduced
ADMA level in the plasma of healthy men (Madaric et al,
2013). Quercetin also inhibited ADMA-induced apoptosis in
glomerular endothelial cells (Guo et al., 2014).

However, to date, there is no study done on the effect of
vitexin on the DDAH-ADMA-NO pathway yet. Nevertheless,
vitexin was proven to promote cell viability, suppressed
apoptosis and reduced oxidative stress in HUVEC treated
with ox-LDL (Zhang et al., 2017). Besides, vitexin inhibited
overexpression of pro-inflammatory cytokines such as IL-1p,
IL-6, TNF-a, and cellular adhesion molecules in ox-LDL-
induced HUVEC by activating 5’-adenosine monophosphate-
activated protein kinase (AMPK) signaling (Zhang et al., 2017).
In lipopolysaccharide (LPS)-activated RAW 264.7 cells, vitexin
was able to reduce pro-inflammatory mediators by inhibiting the
expression of transcriptional factors such as p-p38, p-ERK1/2,
and p-JNK (Rosa et al., 2016). Since anti-TNF therapy resulted in
reduced inflammation and improved DDAH expression in rats
(Balasubramanian et al., 2017), the anti-inflammatory activity of
vitexin could also be a contributing factor to the effects of AEPS
on DDAH activity in this study.

Previous phytochemical analysis showed that P. sarmentosum
contains other active compounds such as rutin, vitamin E,
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carotenes, tannins, and xanthophyll (Miean and Mohamed,
2001). An in vivo study on ischemia/reperfusion rat models
reported that rutin stimulated the DDAH/NOS pathway by
upregulating both eNOS and DDAH1 expression (Lanteri et al.,
2007). Besides, high-dose vitamin E supplementation potentially
reduced ADMA level in patients with chronic renal insufficiency
by improving DDAH activity and NO bioavailability (Jiang et al.,
2002). In a Japanese population, high serum carotenoid levels
such as a-carotene and P-carotene were linked to low ADMA
level (Watarai et al., 2014). As this study used crude extract of
P sarmentosum and not its purified active compound, this study
was unable to identify the specific component of the extract that
mediated the observed effects. However, it is suggested that the
effects were likely due to the active compounds mentioned above.

STUDY LIMITATIONS

This study did not evaluate the detailed intracellular signaling
pathway by which AEPS acts on the endothelial cells. Besides, the
present study did not consider the possibility of the results to be
related to the reduction of oxidative stress by the antioxidant effect
of AEPS. Further studies incorporating endothelial response to
shear stress as well as functional studies should be performed in
order to extrapolate the findings from this in vitro study to what is
observed physiologically.

CONCLUSION

The present study shows that AEPS promotes endothelial NO
production by stimulating DDAH activity and thus decreases ADMA
level in TNF-a-induced HUVEC. Based on the vasoprotective and
anti-atherosclerotic effects of endothelial NO, AEPS has the potential
to reduce the risk of endothelial dysfunction and atherosclerosis.
However, further studies using isolated bioactive components from
AEPS are required in order to support the therapeutic potential of
AEPS for endothelial dysfunction and atherosclerosis.
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