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Background: Recent evidence indicates that Puerarin has a protective effect on pulmonary arteries. In the
present study, we aimed to investigate whether Puerarin could protect pulmonary arterial endothelial
cells from hypoxic injury and determine its potential targets.

Methods: In our study, human pulmonary arterial endothelial cells (HPAECs) were injured by hypoxic (1%
0,) incubation. Cell viability was detected by a cell counting kit (CCK8). The production of nitric oxide
(NO) was detected by Griess reagent and endothelin-1 (ET-1) was detected by the ELISA method.

{’(3{3 ‘;‘;OFTIS" Oxidative stress was measured by a fluorescence microscope via the fluorescent probe DCFH-DA.
Pulmonary arterial endothelial cells Western blotting was employed for sFudymg the mechanism. o . .
Hypoxia Results: The results show that Puerarin protects HPAECs from hypoxia-induced apoptosis and slightly
BMPRII improves cell viability. Puerarin increases NO and decreases ET-1 to prevent the imbalance between
PPARYy vasoactive substances induced by hypoxia in HPAECs. Puerarin also inhibits the oxidative stress induced

by hypoxia. The results from the Western blot show that Puerarin activates the BMPRII/Smad and PPARy/

PI3K/Akt signaling pathways.

Conclusion: In conclusion, Puerarin protects HPAECs from hypoxic injury through the inhibition of

oxidative stress and the activation of the BMPRII and PPARvy signaling pathways. This work provides

insight into the development of Puerarin as a treatment for hypoxic pulmonary hypertension.

© 2019 Maj Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier B.V. All rights

reserved.

Introduction remodeling induced by hypoxia might contribute to the treatment

Pulmonary artery hypertension (PAH) is a severe disease
characterized by elevated pulmonary vascular resistance. If PAH
is left untreated, the disease could cause right ventricular failure
and result in a high fatality rate. The proliferative vascular
remodeling process is one of the main causes of this disease [1].
Hypoxia contributes to the development of pulmonary artery
remodeling. Lung diseases and/or hypoxia could induce sustained
contraction of pulmonary arteries, damage the function of
endothelial cells and contribute to one of the five groups of
pulmonary hypertension [2,3]. PAH induced by hypoxia is a disease
that has been widely studied but has not been well-managed. To
discover novel compounds having therapeutic effect on vascular
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of pulmonary arterial hypertension.

The root of Pueraria lobate (Gegen) is one of the most popular
Chinese herbal medicines, and it has been used in the treatment of
several diseases including cardiovascular diseases [4,5]. Puerarin
(Fig. 1) is one of the main isoflavone glycosides found in the root of
Pueraria lobata. Puerarin has been found to have various biological
activities, such as anti-oxidative activity and protective effects
against diabetes, cancer and cardiovascular and nervous systems
diseases [6-9]. In our preliminary study, puerarin was found to
protect the function of pulmonary arteries in rats with PAH
induced by monocrotaline (MCT). Moreover, there has been a
report about puerarin promoting apoptosis in pulmonary arterial
smooth muscle cells under a hypoxic environment [10]. It is known
that hypoxia is also one of the key causes of PAH. Hypoxia may
induce abnormal proliferation and dysfunction of pulmonary
arterial cells and is often used as a model in in vitro studies.
Therefore, in the present study, we aimed to study the effect of
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Puerarin

Fig. 1. Chemical structure of puerarin (7-hydroxy-3-(4-hydroxyphenyl)-1-benzo-
pyran-4-one 8-(B-p-glucopyranoside). C;1H3009, MW: 416.38.

puerarin on pulmonary arterial endothelial cells under a hypoxic
environment to determine a possible targets of puerarin. This work
might contribute to the further development of puerarin in the
treatment of PAH.

Materials and methods
Reagents and cell culture

Puerarin was provided by the Beijing Key Laboratory of
Polymorphic Drugs in our institute. Puerarin was extracted,
separated and purified from the root of Gegen. The purity of
puerarin was higher than 99%, and the structure was confirmed by
their physicochemical property analysis and spectral or NMR
evidence. The impurities have no influence on the following
experiments.

DCFH-DA (2’,7’-Dichlorofluorescin diacetate) and Hoechst
33342 were purchased from Sigma-Aldrich (St. Louis, MO, USA).
A Cell Counting Kit-8 (CCK8) was purchased from Dojindo (Japan).
All the primary and secondary antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA).

Primary cultured human pulmonary arterial endothelium cells
(HPAEC) (Catalog#3100) were purchased from ScienCell (Carlsbad,
CA, USA). HPAECs were cultured in Dulbecco's Modified Eagle
Medium (DMEM) (Gibco, Aukland, New Zealand) supplemented
with 10% fetal bovine serum (FBS) (Gibco, Aukland, New Zealand).
All experiments were carried out with cells at passages of 3-9.

Cell viability under hypoxia environment

HPAECs were cultured in 96-well plates with a density of
5 x 104/mL. After 24 h, the cells were serum-starved for 24 h and
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CCK8 |

96well plate NO by Griess |

Attached and confluent

then treated with or without puerarin (3, 10, or 30 M) for 3 h in
the normal incubator. The control group remained in the normal
incubator and the experimental group was moved into the tri-gas
incubator of a hypoxic environment (1% 0,/5% CO,). Forty-eight
hours later, the cell viability was detected by the CCK8 kit. The
schematic for the experimental design is shown in Fig. 2.

Western blotting assay

The cells were seeded into 60 mm culture dishes at a density of
5 x 10%/mL and treated in the same way as mentioned above. All
proteins in HPAECs were lysed and extracted by a RIPA lysis buffer
and quantified by the BCA method. Protein samples were separated
by 10-12% SDS-PAGE gels and transferred to polyvinylidene
difluoride (PVDF) membranes. The membranes were blocked in
5% BSA. After 2 h of blocking, membranes were incubated with
primary antibodies at 4 °C overnight, including p-actin, Bax, Bcl2,
BMPRII, phosphor-Smad1/5, PPARYy, PI3K, AKT, phosphor-AKT and
phosphor-eNOS (Ser1177) (1:1000 dilution). After incubation with
HRP-conjugated secondary antibodies (1:2000 dilution) for 2 h at
room temperature, protein bands were subsequently detected
with an enhanced ECL system. p-Actin was used as an internal
control.

NO detection

Nitric oxide (NO) produced by HPAECs were detected by the
Griess reaction as previous described [11]. Briefly, after hypoxic
treatment, the supernatant was collected from each well. One
hundred microliters of cellular supernatant was incubated with
the same volume of Griess reagent (1% sulfanilamide, 0.1%
naphthyl ethylenediamine dihydrochloride, and 2.5% phosphoric
acid) at room temperature for 10 min. The level of nitrite was
determined by absorbance at 540 nm.

ET-1 detection

Endothelin-1 (ET-1) produced by HPAECs were detected by the
ELISA method according to the instructions provided by the
manufacturer (Cusbio, Wuhan, China). In brief, at the end of the
experiment, cell supernatant was added to the microplate
precoated with antibody specific for ET-1. After removing any
unbound substances, a biotin-conjugated antibody specific for ET-
1 was added to the wells. Avidin conjugated HRP was added to the
wells after washing. Following a wash to remove any unbound
avidin-enzyme reagent, a substrate solution was added to the wells
and the color developed. Color development was stopped, and the
intensity of the color was measured at a wavelength of 450 nm,
which was in proportion to the amount of ET-1.

ROS detection

HPAECs were cultured in black 96 well plates with a clear
bottom at a density of 5 x 104/mL. The cells were treated in the
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Fig. 2. The schematics for the experimental design.
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same way as above. After 48 h incubation under a hypoxic
environment, the intracellular ROS level was measured by
DCFH-DA. The cells were washed with prewarmed PBS and then
covered with a serum-free DMEM containing 10 .M DCFH-DA and
10 M Hoechst. The cells were placed back into the incubator and
incubated for 30 min. The cells were washed with PBS to remove
the extra dye and then covered with 100 pL PBS. Images were
taken using the HCS system (ArrayScan, Thermo, USA).

Statistical analysis

All data are expressed as the mean + SEM. The analysis of
statistical data was performed using GraphPad Prism 6 (GraphPad
Software, San Diego, CA, USA). All data were submitted to one-way
ANOVA followed by Dunnett’s post hoc test. A p-value less than 0.05
was considered statistically significant.

Results

The protective effect of puerarin on the cell viability under a hypoxic
environment

To investigate the effect of puerarin on HPAECs, the cells were
pretreated with 3, 10 or 30 wM puerarin before being cultured
under a hypoxic environment (1% O,) for 48 h. At the end of the
experiment, cell viability was detected by the CCK8 assay. The
results (Fig. 3) show that puerarin could slightly increase the cell
viability of HPAECs after 48 h of hypoxia without significant
differences. Western Blot assay shows that puerarin increased the
expression of anti-apoptosis protein Bcl2 and decreased the ratio
of Bax/Bcl2, indicating that puerarin could attenuate the apoptosis
of HPAECs induced by hypoxia.

Puerarin improves NO and suppresses ET-1 production under a
hypoxic environment

NO is an important vasodilator in the circulatory system. The
abnormal decrease in NO production could cause sustained
vasoconstriction. After 48 h of hypoxia treatment, the dysfunction
of HPAECs resulted in a significant decrease in NO production
(Fig. 4A). Pre-incubation with 30 wM puerarin significantly
increased the level of NO, indicating that puerarin could protect
HPAECs from the dysfunction induced by hypoxia.
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On the other hand, ET-1 is the most potent endogenous
vasoconstrictor. When hypoxia occurred, production of ET-1 was
increased (Fig. 4B). However, treatment with different concen-
trations of puerarin suppressed the level of ET-1. In other words,
puerarin could relieve the imbalance between NO and ET-1
induced by hypoxia and further attenuate the abnormal contrac-
tion in pulmonary arteries.

Puerarin inhibited the production of ROS induced by hypoxia

Hypoxia could cause oxidative stress in endothelial cells and
result in over production of ROS. In the present study, a specific
fluorescent probe for ROS was used to detect the oxidative stress
under a hypoxic environment. The results (Fig. 5) show that the
formation of ROS in HPAECs after 48 h of hypoxia was significantly
increased. Treatment with puerarin could dose-dependently
decrease the formation of ROS. Therefore, puerarin may inhibit
the oxidative stress in HPAECs induced by hypoxia and further
protect HPAECs from hypoxia injury.

Puerarin inhibited the downregulation of BMPRII/Smad signaling
pathway induced by hypoxia

The BMPRII/Smads pathway is an important signaling pathway
involved in the progress of PAH. This pathway is found to be
downregulated in PAH patients. In our study, the results from the
Western blotting assay (Fig. 6) show that the expression of BMPRII
and the phosphorylation level of the substrate of BMPRII named
Smad1/5 were decreased after 48 h of hypoxic treatment. Puerarin
(30 M) could significantly inhibit the downregulation of BMPRII,
and 10 and 30 M Puerarin could increase the phosphorylation
level of Smad1/5 to some extent. The intervention effect of
puerarin on the BMPRII/Smad signaling pathway might explain its
protective effect on HPAECs under hypoxia environments.

The influences of puerarin on the PPARy/PI3K/Akt signaling pathways

Furthermore, it was found that hypoxia could downregulate the
expression of PPARy and PI3K and could further inhibit the
phosphorylation levels of Akt and eNOS. On the other hand, the
results (Fig. 7) show that pretreatment with puerarin could
increase the expression of PPARy especially at the concentration of
30 wM. Puerarin also slightly increased the expression of PI3K.
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Fig. 3. Puerarin inhibited the apoptosis of HPAECs induced by hypoxia. (A) Puerarin slightly increased the cell viability of HPAECs after 48 h hypoxia injury without significant
difference. (B) WB shows that different concentration of puerarin could enhance the expression of Bcl2 and downregulated the ratio of Bax/Bcl2. The results are expressed as
the means + SEM of three experiments. ## p<0.01 vs. Con(-), ###p < 0.001 vs. Con(-), *** p<0.001, **p < 0.05 vs. Con(+).
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Fig. 4. The effect of puerarin on (A) NO production and (B) ET-1 production in HPAEC cultured in hypoxia environment. The results are expressed as the means + SEM of three
experiments. ###p < 0.001 vs. Con(-), #p <0.05 vs. Con(-), *p < 0.05 vs. Con(+), **p < 0.01 vs. Con(+).
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Fig. 5. The effect of puerarin on ROS production in HPAEC induced by hypoxia. Intracellular ROS was indicated by DCFH-DA probe and the representative images are taken by
high-content cytometer. Average fluorescence intensity of ROS was analyzed. The results are expressed as the means & SEM of three experiments. #p < 0.05 vs. Con(-),

**p <0.01 vs. Con(+), **p <0.001 vs. Con(+).

Puerarin (30 wM) increased the phosphorylation level of Akt, and
10 and 30 uM puerarin increased the phosphorylation level of
eNOS at the site of Ser 1177. In other words, puerarin might activate
PI3K/Akt through PPARYy and further stimulate eNOS to elevate the
production of NO.

Discussion

Puerarin is a kind of isoflavone glycoside found in traditional
Chinese medicine and has multiple biological activities [12]. In our
previous study, we found that puerarin exhibited a positive effect
on rats with PAH induced by MCT and improved the function of
pulmonary arteries, which made us question whether puerarin has
a protective effect on pulmonary artery cells. In the present study,
we aimed to study the effect of puerarin on pulmonary arterial
endothelium cells (HPAECs) and preliminarily discuss the under-
lying mechanisms.

Pulmonary hypertension due to lung diseases and/or hypoxia is
one of the five subgroups of the disease. Hypoxia can cause

abnormal constriction of pulmonary arteries and dysfunction of
smooth muscle cells and endothelial cells [13]. Therefore, in the
present study, hypoxia was used to establish a model of
dysfunctional HPAECs in vitro. A hypoxic environment can cause
apoptosis in endothelial cells. This finding suggests that endothe-
lial cell apoptosis may trigger both degenerative and reactive
proliferative events that result in the remodeling of pulmonary
arteries [14]. Previous reports show that puerarin could inhibit the
proliferation of HPASMCs induced by hypoxia [10]. However, in the
present study, puerarin inhibited the apoptosis of HPAECs induced
by hypoxia. We think that puerarin has a dual effect on HPASMCs
and HPAECs. Puerarin has both anti-apoptosis and pro-apoptosis
effects, and it plays different roles at different stages of cell
damage. In any case, the protection of HPAECs from apoptosis could
contribute to the early treatment of PAH. Bax was the first
identified pro-apoptotic member of the Bcl2 protein family. The
ratio of Bax to Bcl2 reflects apoptosis in cells. Although puerarin
only slightly increased the cell viability of HPAECs, it significantly
inhibited the ratio of Bax to Bcl2, which means that puerarin
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Fig. 6. Effect of puerarin on the BMPRII/Smad pathway in HPAEC. Densitometric analysis of the relative amount of proteins compare to the g-actin was shown in the lower
panel and the representative pictures were shown in the upper panel: (A) BMPRII and (B) p-Smad1/5. The results are expressed as the means = SEM of four experiments.
##p < 0.01 vs. Con(-), ###p <0.001 vs. Con(-), ***p <0.001 vs. Con(+).

A

peary [T T W

B-actin [ s w— —— —

1.5+
17} - Rl
g8 "0 ==
<@ 0
—
g2 L
E E 0.5
e
0.0 T T T T
D N\ % Ol O
000\ oo\)f L b
¢ Puerarin (pM)
1% O, for 48h
C

Total Akt [ wilie WS e GEED S|

B-actin [ WS W S S —
1.5+

1.0

p-Akt/Total Akt
(Relative to control)

0.0

Puerarin (uM)
1% O, for 48h

B
PI3K [  —————|

B-aCtin [ - — — — —

1.51
££
G 5 1.0
T O
@ o S = ——
e i
¥ (3
% 2 05
os
[
B
0.0 T T T T
3 D S Q N
o°°\ o‘\\x z =
& Puerarin (uM)
1% O, for 48h
D

P-eNOS [ e w— ——
B-actin | M we——— —

1.5-
cP
=
® 6 1.0
@ (3] *%
=5 il s
3¢
= B 05 e T
L O
0.0~ T T T
0@ \x\ %, .\Q ".:Q
® (,00

Puerarin (uM)
1% O, for 48h

Fig. 7. Effect of puerarin on the PPARy/PI3K/Akt/eNOS pathway in HPAEC. Densitometric analysis of the relative amount of proteins compare to the p-actin was shown in the
lower panel and the representative pictures were shown in the upper panel: (A) PPARYy, (B) PI3K, (C) phosphorylation level of Akt and (D) phosphorylation level of eNOS at
Ser 1177. The results are expressed as the means + SEM of four experiments. ##p < 0.01 vs. Con(-), ###p < 0.001 vs. Con(-), *p <0.05 vs. Con(+), **p < 0.01 vs. Con(+).
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inhibited the progress of apoptosis induced by hypoxia. We think
that puerarin inhibited the initial period of the apoptosis process,
and its influence on cell viability is not significant. The influence of
puerarin on cell viability might be obvious when the hypoxic
incubation is longer.

NO and ET-1 are both produced by endothelium cells, and these
molecules relax and contract vessels, respectively. ET-1 is a potent
intrinsic vasoconstrictor, which plays an important role in the
development of pulmonary hypertension [15]. To date, antagonists
of ET-1 receptors are the first-line treatment option for patients
with PAH [16]. Normally, the production and release of NO and
ET-1 are in a dynamic equilibrium [17]. Under a hypoxic
environment, however, the balance is disrupted. The effect of
ET-1 overwhelms that of NO, which results in the abnormal
constriction of pulmonary arteries. From the in vitro experiment,
we detected the levels of NO and ET-1 in cell supernatant.
Treatment with puerarin significantly inhibited the decrease in NO
and the increase in ET-1 in a dose-dependent manner, which might
further maintain the normal vascular tension.

In addition to the abnormal release of vascular tone regulators,
hypoxia could induce oxidative stress in HPAECs. Reactive oxygen
species (ROS) are important physiological messengers in vascular
cells. However, an imbalance between ROS production and
metabolism can lead to oxidative stress, which will become
harmful to cells. In the pulmonary vasculature, the NADPH oxidase
is a main source of ROS. Hypoxia causes PAH and is associated with
increased NADPH oxidases [18,19]. Hypoxia can aggravate the
infiltration of the cell and cause oxidative stress by increasing the
level of ROS through NADPH oxidase, mitochondrial electron
transport, xanthine oxidase pathway and so on [20]. ROS have been
considered as therapeutic targets [21]. Similar to other flavonoid
compounds, puerarin has an anti-oxidative effect and protects cells
from oxidative stress [6,22]. In our study, it was found that
puerarin could decrease the levels of ROS in HPAECs under a
hypoxic environment. The inhibition on oxidative stress might be
the most important property of puerarin in protection pulmonary
arteries.

In the following study, the Western blotting assay was used
to explain the underlying mechanisms of the above effects. The
BMPRII/Smads signaling pathway has been reported to be
important in PAH. BMPRII gene mutations have been recog-
nized to cause heritable PAH [23]. Meanwhile, the down-
regulation of this pathway was also observed in rats with PAH
induced by monocrotaline [24]. In the present study, hypoxia
decreased the expression of BMPRII [25]. High doses of
puerarin could inhibit the downregulation of BMPRII in
HPAECs induced by hypoxia, and further increase the phos-
phorylation level of Smad1/5.

In the lungs of patients with pulmonary hypertension, the
expression of peroxisome proliferator-activated receptor <y
(PPARy) is decreased [26]. The expression of PPARYy in
endothelium cells was also downregulated by a hypoxic
culture according to our results. PPARvy is a kind of ligand-
activated nuclear transcription factor and is associated with
hypertension, obesity, diabetes, atherosclerosis and so on
[27,28]. PPARY is also observed to be expressed in endothelial
cells, and its activation reduces the level of ET-1 and increases
NO [29]. Hypoxia significantly reduces the expression of
PPARYy, while treatment with puerarin inhibits such a reduc-
tion. Studies show that PPARy can promote PI3K expression,
which further activates Akt and phosphorylates eNOS to
produce NO [30,31]. Although puerarin does not significantly
influence the expression of PI3K, the phosphorylation levels of
Akt and eNOS are increased. These results also explain the
enhancement in NO production induced by puerarin under a
hypoxic environment.

In conclusion, puerarin treatment protects HPAECs from hypoxic
injury. Puerarin probably inhibits the apoptosis of HPAECs induced
by hypoxia and slightly increases cell viability. Puerarin increases NO
production and reduces ET-1 production. Primary studies of the
mechanism show that puerarin protects HPAECs under a hypoxic
environment mainly through its inhibition of oxidative stress, and it
might also influence the BMPRII/Smad and PPARY/PI3K/Akt/eNOS
signaling pathways. This study shows that puerarin could protect
pulmonary arteries through its effects on endothelium cells. And this
natural compound might have potential in the treatment of PAH
especially PAH induced by hypoxia.
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