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Apocynum venetum leaf extract protects against H,O,-induced
oxidative stress by increasing autophagy in PC12 cells
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Abstract. The effect of Apocynum venetum leaf extract
(AVLE) on the nervous system has been widely studied,
but its effect on injured neurons is not fully understood. In
the present study, the protective effect of AVLE on injured
neurons was determined. H,O, was used to induce oxidative
stress in PC12 cells and cell viability assays were used to
determine the optimum concentration range of AVLE and its
protective effects against oxidative stress. A live-dead assay
was performed to confirm the effects of AVLE on oxida-
tive stress. Subsequently, expression of apoptotic proteins
including Bax and cleaved-caspase-3 were evaluated to
determine whether AVLE affected apoptosis, and reactive
oxygen species (ROS) levels were detected to determine the
role of AVLE in H,0, exposure. Furthermore, expression of
autophagic proteins including LC3-II and p62 were detected to
evaluate the effects of AVLE on autophagic activity, and cells
were treated with 3-methyladenine (3-MA), an autophagic
inhibitor, to identify the underlying protective mechanism of
AVLE. The results showed that the optimum conditions to
induce oxidative stress were treatment with 40 yM H,0O, for
2 h, and the suitable range of AVLE concentrations was shown
to be 1-100 ug/ml. AVLE improved cell viability in PC12 cells
following treatment with H,O,. AVLE reduced the expression
of Bax and cleaved-caspase-3, and decreased ROS produc-
tion. Furthermore, AVLE upregulated LC3-II expression and
downregulated p62 expression, whereas treatment with 3-MA
increased the levels of ROS and apoptotic proteins. These
results suggest that AVLE may protect injured neurons against
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oxidative stress-induced apoptosis, and this effect may be
associated with the reduction of ROS by increasing autophagy.

Introduction

Nerve injury forms the pathological basis of the majority of
neurological diseases, and is involved in spinal cord injury,
brain injury and neurodegenerative diseases. There are several
factors which result in nerve damage, among which oxida-
tive stress serves an important role (1). Oxidative stress can
result in the dysfunction of the mitochondria, the endoplasmic
reticulum, lipid peroxidation, protein oxidation and subse-
quently lead to neuronal apoptosis or ferroptosis (2-4). Due to
the ‘non-renewable’ nature of neurons, it is particularly impor-
tant to improve the anti-oxidative capacity of neurons during
potential crises. Apocynum venetum (sword-leaf dogbane) is a
traditional Chinese herb used to treat hypertension, nephritis
and neurasthenia, and has been shown to possess diuretic and
sedative effects (5). A. venetum has become a popular herbal
medicine in East Asia and North America (6,7). Numerous
additional pharmacological properties of A. venetum leaf
extract (AVLE) have been discovered, several of which are
closely associated with the nervous system. In an in vitro model
of ischemia-reperfusion induced by oxygen and glucose depri-
vation, administration of AVLE notably reduced apoptosis
and morphological damage to neurons (8). Although several
studies have shown that AVLE may protect neurons against
injury and promote recovery, the underlying mechanisms of
these pharmacological properties have not been shown, to the
best of our knowledge.

Autophagy is an important mechanism of cell survival in
eukaryotic cells under stressful conditions (9), which consists
of several steps, from initiation of nucleation to formation of
double membrane autophagosomes and finally to autopha-
gosome/lysosome fusion and lysosomal enzyme-mediated
degradation of the contents of the autophagosome (10).
Autophagy involves degradation of long-lived proteins and
damaged organelles, such as mitochondria, the endoplasmic
reticulum, peroxisomes, and proteins damaged by oxida-
tive stress, to prevent or slow down initiation of apoptosis.
Blocking autophagy allows toxic proteins and damaged mito-
chondria to accumulate, which further aggravates oxidative
stress (11,12). The role of autophagy in the nervous system



2 FENG et al: Apocynum venetum LEAF EXTRACT PROTECTS AGAINST H,0,

has been widely investigated. Evidence from knockout mouse
has shown that autophagy exerts a protective effect against
neurodegeneration through clearance of intracytoplasmic
aggregate-prone proteins (13). However, the effect of AVLE on
autophagic activity has not been studied. In the present study,
whether AVLE exerted protective effects on PC12 cells against
H,0,-induced oxidative stress was determined. Additionally,
autophagic activity was assessed to determine whether it was
involved in the mechanism underlying the protective effects
of AVLE.

Materials and methods

Reagents and antibodies. AVLE was donated by the
Department of Integrative Medicine of Zhongshan Hospital,
Shanghai, China. H,0, was purchased from Sigma-Aldrich;
Merck KGaA (cat. no. 323381). Cell Counting Kit-8 (CCK-8)
was purchased from Dojindo Molecular Technologies, Inc.
(cat. no. CKO04). A live-dead detection kit was purchased from
Thermo Fisher Scientific, Inc. (cat. no. R37601). A DHE cell
reactive oxygen species (ROS) detection kit was purchased
from Nanjing KeyGen Biotech Co., Ltd. (cat. no. KGAFO019).
3-Methyladenine (3-MA; cat. no. S2767; Selleck Chemicals),
was dissolved in double-distilled water. Primary antibodies
for Bax (cat. no. 14796), caspase-3 (cat. no. 14220) and LC3-II
(cat. no. 3868) were purchased from Cell Signaling Technology,
Inc. (all used at 1:1,000). The primary antibody SQSTM1/p62
(cat. no. ab56416) was purchased from Abcam and the GAPDH
antibody was purchased from ProteinTech Group, Inc.
(cat. no. 60004-1-Ig; 1:5,000). The secondary antibodies perox-
idase AffiniPure goat anti-mouse IgG (cat. no. 33201ES60) and
peroxidase-conjugated goat anti-rabbit IgG (cat. no. 33101ES60)
were purchased from Shanghai Yeasen Biotechnology, Co., Ltd.

Cell culture and treatment. PC12 cells were purchased from
The Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences and were cultured in high-glucose DMEM
(Nanjing KeyGen Biotech Co., Ltd.) supplemented with 10%
FBS (cat. no. 16000-044; Gibco; Thermo Fisher Scientific, Inc.)
and 1% penicillin/streptomycin solution at 37°C and 5% CO,.
The cells were digested with 0.25% trypsin containing EDTA
and passaged. When the cells reached 80% density, following
10 h of serum starvation, different concentrations of H,O, or
AVLE were added to the medium to screen for the optimum
concentration. To evaluate the effect of AVLE on oxidative
stress, the PC12 cells were pre-treated with AVLE for 2 h before
subsequent experimentation and continued with treatment in the
corresponding groups. To inhibit autophagy, cells were treated
with 3-methyladenine (3-MA, 5 mM) prior to AVLE treatment.

Cell viability. A total of 1x10° PC12 cells/well were added to a
96-well plate. The cells were treated with H,O, (0, 10, 20, 40, 80
or 160 ymol/l) for 2 h to determine a suitable concentration for
induction of oxidative stress. Subsequently, cells were treated
with a series of concentrations of AVLE (0, 1, 10, 100, 250, 500
or 1,000 pg/ml) for 24 or 48 h to determine the safe pharma-
cological range, as AVLE is a herbal Chinese medicine with
several complex constituents, thus it may be challenging for cells
to metabolise or clear the compounds. The protective effects
of AVLE against H,O, were also measured (0 yg/ml AVLE,

10 ug/ml AVLE, 100 ug/ml AVLE, 40 uM H,0,, 40 uM
H,0, + 10 pg/ml AVLE and 40 M H,0, + 100 pg/ml AVLE).
Each group had six repeat wells. After treatment, the cells were
incubated with 10 ul CCK-8 at 37°C for 2 h to measure viability
according to the manufacturer's protocol. The absorbance
values were determined at 460 nm using a spectrophotometer.
Cell viability was calculated as viability rate (%) = [optical
density (OD) of the treatment group-OD blank group)]/(OD
control group-OD blank group) x100%.

Western blot analysis. Western blot analysis was performed as
previously described (14). The cells were lysed with RIPA lysis
buffer (cat. no. POO13B; Beyotime Institute of Biotechnology,
Inc.) containing a protease inhibitor cocktail. A total of 30 ug
protein was added to each lane of a 12.5% SDS gel, resolved
using SDS-PAGE (cat. no. PG113; Epizyme) and transferred
to a PVDF membrane (cat. no. ISEQ85R; EMD Millipore).
The membrane was blocked in non-fat milk and incubated
with cleaved caspase-3 and Bax primary antibodies at 4°C
overnight. The membrane was incubated with secondary
antibodies (1:5,000) at room temperature for 1 h. Enhanced
chemiluminescence reagent was added for signal detection
(Tanon Science and Technology Co., Ltd.), and densitom-
etry analysis was performed using Quantity One software
version 4.6.2 (Bio-Rad Laboratories, Inc.). GAPDH was used
as the internal reference.

Immunofluorescence assay. The immunofluorescence assay
was performed according to the manufacturer's protocol. For
live-dead detection, cells were treated with H,O, and AVLE
(control, 10 pg/ml AVLE, 100 ug/ml AVLE, 40 uM H,0,,
40 uM H,0, + 10 ug/ml AVLE, 40 uM H,0O, + 100 pg/ml
AVLE), immersed in live-dead solution and incubated for
15 min at 20-25°C, and then imaged using a fluorescent micro-
scope at x40 magnification (Nikon Corporation). For ROS
detection, cells were treated with different combinations of
H,0,, AVLE and 3-MA as follows: 0 ug/ml AVLE, 10 pug/ml
AVLE, 100 pg/ml AVLE,40 uM H,0,,H,0, + 10 ug/ml AVLE,
H,O, + 100 pg/ml AVLE and vehicle + H,0, + 100 pg/ml
AVLE, 3-MA + H,0, + 100 ug/ml AVLE. Cell medium was
replaced with fresh medium containing 10 uM ROS detec-
tion solution, the cells were incubated at 37°C for 30 min and
imaged using a fluorescent microscope. The images were anal-
ysed using ImagelJ version 1.8.0 (National Institutes of Health)
to compare the ROS expression.

Statistical analysis. Data are presented as the mean + standard
deviation. Analysis was performed using SPSS version 20.0
software (IBM, Corp.) and GraphPad Prism version 5.0
(GraphPad Software, Inc.). Comparisons between paired
groups were determined using the Student's t-test. A one-way
ANOVA followed by a post hoc Tukey's test was used for
comparisons between multiple groups P<0.05 was considered
to indicate a statistically significant difference.

Results
AVLE improves cell viability in PCI2 cells treated with H,0,.

Oxidative stress was induced in PC12 cells using different
concentrations of H,0O, and a CCK-8 assay was used to detect
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Figure 1. Generation of the oxidative stress model by treating PC12 cells with H,0,. (A) Microscopic images of cells treated with different concentrations of
H,0,. Treatment with >40 uM H,0, for 2 h resulted in cell shrinkage and loss of adhesion. Scale bar, 100 zm. (B) Cell Counting Kit-8 assay of the viability of
cells treated with H,0O,. Cell viability at H,0, concentrations >40 yM was significantly lower compared with the control group. *P<0.001.
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Figure 2. Determination of the safe AVLE concentration range using a CCK-8 assay. (A) CCK-8 assay of cells treated with different concentrations of AVLE
for 24 h. Cell viability decreased significantly at AVLE concentrations =500 pxg/ml. (B) CCK-8 assay of cell viability after 48 h of treatment. Cell viability
decreased at AVLE concentrations =250 yg/ml but was not significantly affected at AVLE concentrations <100 zg/ml when compared with the control group.
n=6. "P<0.01, ""P<0.001. CCK-8, Cell Counting Kit-8; AVLE, Apocynum venetum leaf extract.

cell viability. Cellular morphology was altered by H,O,
treatment, and treatment with 40 M of H,O, for 2 h caused
cells to lose their adhesion and shrink (Fig. 1A). The CCK-8
assay confirmed that the viability of cells treated with H,O,
at concentrations >40 yM was significantly lower compared
with the control group (P<0.001; Fig. 1B). Thus, the optimum

conditions for inducing oxidative stress were 40 uM H,O,
treatment for 2 h. The optimum AVLE concentration was
also evaluated using a CCK-8 assay. Cell viability decreased
significantly following exposure to AVLE at concentrations
>500 pg/ml for 24 h (P<0.01), and cell viability continued
to decrease at AVLE concentrations >250 ug/ml for 48 h
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Figure 3. Live-dead assays of the effects of AVLE on cell viability in PC12 cells treated with 40 uM H,0,. (A) Fluorescence microscope images of the
protective effects of AVLE against H,0,. AVLE treatment decreased red fluorescence (dead cells) and increased green fluorescence (live cells) notably.
Magnification, x40. Scale bar, 100 gm. (B) A CCK-8 assay showed that cell viability improved significantly with increasing AVLE concentrations (0.64+0.05
for 40 uM H,0, vs. 0.74+0.03 for 40 uM H,O, + 10 pg/ml AVLE, P<0.05; 0.64+0.05 for 40 uM H,0, vs. 0.81+0.06 for 40 uM H,0, + 100 ug/ml AVLE,
P<0.001). n=6. "P<0.05, “"P<0.001. CCK-8, Cell Counting Kit-8; AVLE, Apocynum venetum leaf extract.

(P<0.001). Conversely, the cell viability was not significantly
affected by AVLE at concentrations <100 pg/ml (P>0.05).
Thus, the safe AVLE concentration range was determined
to be 1-100 pg/ml (Fig. 2). The protective effects of AVLE
against H,0, were measured. Red fluorescence (dead cells)
decreased and green fluorescence (live cells) increased
significantly following AVLE treatment of cells exposed to
H,0,, suggesting that AVLE reduced the number of dead
cells, possibly through reduction of oxidative stress (Fig. 3A).
In addition, cell viability increased significantly following
AVLE treatment (0.64+0.05 for 40 uM H,0, vs. 0.74+0.03 for
40 uM H,0, + 10 ug/ml AVLE; P<0.05; 0.64+0.05 for 40 uM
H,0, vs. 0.81+£0.06 for 40 xpM H,0, + 100 pg/ml AVLE;
P<0.001; 0.35+0.04 for 80 uM H,0, vs. 0.54+0.13 for 80 uM
H,0, + 100 pg/ml AVLE; P<0.01; Figs. 3B and S1).

AVLE protects PCI2 cells against H,0,-induced apoptosis.
Cells were treated with H,0, and different concentrations of

AVLE (0 ug/ml AVLE, 10 ug/ml AVLE, 100 ug/ml AVLE,
40 uM H,0,, 40 uM H,0, + 10 pg/ml AVLE, 40 uM
H,0, + 100 ug/ml AVLE). Western blotting showed that the
expression of the apoptotic proteins Bax and cleaved-caspase-3
increased following treatment with 40 M H,0, (Fig. 4).
However, AVLE (10 or 100 ug/ml) significantly decreased
apoptosis by reducing the expression of Bax compared with
40 uM H,0, (both P<0.05) and reduced the cleavage of the
apoptosis-related protein caspase-3 (40 uM H,O, + 10 ug/ml
AVLE vs.40 uM H,0,,P<0.01;40 M H,0, + 100 pzg/ml AVLE
vs. 40 uM H,0,, P<0.001).

AVLE ameliorates ROS accumulation in H,O,-treated PCI2
cells. The production of ROS was determined following H,O,
exposure and AVLE treatment (Fig. 5). Treatment with AVLE
at 10 or 100 pg/ml alone did not increase ROS production,
indicating that it was safe for normal cells. ROS production
was significantly increased by 40 xM H,O, compared with
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Figure 4. Western blot analysis of the protective effects of AVLE treatment against H,0,-induced apoptosis in PC12 cells. (A) Western blots and (B) densitom-
etry analysis of Bax and cleaved caspase-3 expression following treatment with 40 uM H,O, and AVLE. AVLE significantly reduced apoptosis by reducing Bax
expression (P<0.05 vs. 40 uM H,0, group) and reduced the cleavage of caspase-3 (n=4; P<0.01 for 40 uM H,0O, + 10 ug/ml AVLE vs. 40 uM H,0,; P<0.001
for 40 uM H,0, + 100 ug/ml AVLE vs. 40 uM H,0,). "P<0.05, “P<0.01, “"P<0.001. AVLE, Apocynum venetum leaf extract.

the control cells, and treatment with 10 or 100 xg/ml AVLE
significantly reduced ROS production compared with 40 xM
H,0, (P<0.001). The antagonistic effect of AVLE on ROS
increased as the concentration of AVLE used AVLE increased.

AVLE protects against H,0O,-induced oxidative stress by
increasing autophagy. To confirm the mechanism underlying
the protective effects of AVLE following H,O, exposure, the
protein expression levels of LC3-II and SQSTM1/p62 were
measured to evaluate autophagic activity in the control, 40 M
H,0,, 100 ug/ml AVLE and 100 yg/ml AVLE + 40 uM H,0,
groups. LC3-II protein expression was significantly upregu-
lated and SQSTM1/p62 expression was downregulated in the
cells treated with 100 yg/ml AVLE + 40 yuM H,O, compared
with those treated with 40 M H,0, (P<0.001; Fig. 6).
Furthermore, administration of the autophagic inhibitor 3-MA
significantly increased the expression of the apoptotic proteins
cleaved caspase-3 and Bax in the 100 xg/ml AVLE + 40 yuM
H,O0, group compared with the control group (P<0.05;
Fig. 7A and B) and increased the ROS levels compared with
the control (P<0.001; Fig. 7C and D).

Discussion

AVLE has multiple pharmacological effects on the nervous
system, including antidepressant effects, anxiolytic effects,
and protective effects against stroke. Butterweck et al (5)
reported that male rats treated with AVLE had significantly

shorter immobility times in a forced swimming test, suggesting
possible antidepressant effects. AVLE also showed antidepres-
sant-like effects in a chronic unpredictable mild stress model of
depression in rats, and these effects were possibly caused by the
suppression of neuronal apoptosis and increased expression of
brain-derived neurotrophic factor (15). The anxiolytic effects
of AVLE were measured in mice subjected to an elevated plus
maze test, and mice treated with AVLE entered and spent
more time in the open arms of the maze, whilst showing no
other behavioural changes or motor dysfunction (7). AVLE has
protective effects against neurological injuries such as stroke.
AVLE (500 mg/kg/day) significantly reduced the cerebral
infarct area by alleviating blood-brain barrier disruption in a
rat model of cerebral ischemia-reperfusion injury (16). In the
present study, an oxidative stress model was established by
treating PC12 cells with 40 yuM H,0, for 2 h. The safe phar-
macological range was established to be between 1-100 pyg/ml.
Since AVLE is a herbal Chinese medicine consisting of several
complex components, when the drug concentration is too high,
exceeding the metabolic or clearance capacity of cells, it will
exhibit toxic effects on the cells, thus, 10 and 100 xg/ml AVLE
were used as safe concentrations in the present study. Cell
viability detection and a live-dead assay showed that AVLE
reduced the number of injured PC12 cells. Oxidative stress
is involved in several pathological processes, such as stroke,
neurodegenerative disorders and spinal cord injury (1,17).
AVLE also mitigated myocardial ischemia/reperfusion injury
by inhibiting oxidative stress (18). The findings of the present



A Control

40 UM H,0,

2
g

5
g

200004

>
=
[}
c
@
E
@
5
2
0
g
=]
=
&=
w
[e]
@

10 pg/ml AVLE

H,0,+10 pg/ml AVLE

FENG et al: Apocynum venetum LEAF EXTRACT PROTECTS AGAINST H,0,

100 pg/ml AVLE

H,0,+100 pg/ml AVLE

Figure 5. AVLE reduces ROS levels in PC12 cells treated with H,0,. (A) Fluorescence microscope images and (B) fluorescence intensity of cells treated
with 40 uM H,0, and 10 or 100 pg/ml AVLE. Scale bar, 100 gm. AVLE alone did not increase ROS production. Administration of 40 M H,0, significantly
increased ROS accumulation compared with the control group. AVLE significantly reduced the levels of ROS compared with 40 yM H,O, group, and the
reduction in ROS expression increased with the AVLE concentration. ““P<0.001. AVLE, Apocynum venetum leaf extract; ROS, reactive oxygen species.

study suggest that AVLE may exert similar effects on nervous
system diseases.

Oxidative stress induced by excessive accumulation of
ROS serves an important role in the development and progres-
sion of nervous system diseases (3,19,20). Excess intracellular
ROS can initiate apoptotic pathways, and following activation
of the apoptotic pathway, the anti-apoptotic protein Bcl2 is
inhibited and the pro-apoptotic protein Bax oligomerizes,
which induces mitochondrial permeabilization and release of
cytochrome c. Subsequently, caspase-3 is activated, leading to
the fragmentation of PARP and ultimately apoptosis (19,21). In
the present study, AVLE significantly inhibited H,0,-induced
apoptosis in PC12 cells, and western blotting showed that
AVLE reduced the expression of Bax and inhibited the
cleavage of the apoptosis-related protein, caspase-3. ROS
expression in the H,O,-treated cells was significantly reduced
by AVLE. These results suggest that AVLE may inhibit apop-
tosis of neurons induced by oxidative damage, which may be
achieved by reducing the levels of ROS, and subsequently
blocking the activation of the pro-apoptotic proteins Bax and
caspase-3.

ROS causes oxidative stress during apoptosis, and
~90% of ROS is produced by the mitochondrial membrane
respiratory chain (22). Excessive amounts of ROS activates

autophagy by inhibiting the PI3K-Akt-mTOR pathway, and
cells activate mitophagy to remove damaged mitochondria,
and thus maintain low ROS levels (23,24). Natural antioxi-
dants, including resveratrol, curcumin and apigenin, reduce
oxidative stress by increasing autophagic activity (24-28). In
the present study, in H,O,-treated cells, AVLE upregulated
LC3-II expression and downregulated p62 expression. LC3-I1
may be attached to the membrane of an autophagosome, and
is a labelled protein of the autophagosome, whereas p62 can
recruit ubiquitinated proteins for autophagic degradation, and
the aggregation of p62 often reflects disruption of autophagic
flux (29,30). The expression of LC3-II and p62 indicated
that autophagic activity was activated, whereas inhibition of
autophagy with 3-MA increased the levels of ROS and apop-
totic proteins. Autophagy is also maintained at low levels
in normal cells and serves an important role in the physi-
ological functioning of cells. Under stressful conditions, such
as oxidative stress and inflammation, autophagy is readily
activated, but activation is kept limited. certain autophagy
activators, such as rapamycin and metformin, are often used
to reduce stress in tissues (31,32). The results of the present
study suggested that, under oxidative stress, AVLE increased
autophagic activity, similar to the effects of rapamycin or
metformin, and thus reduced intracellular ROS aggregation
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Figure 6. Western blot analysis of the effects of AVLE on autophagic activity of PC12 cells treated with 40 uM H,0,. (A) Western blots and (B) densitometry
analysis of LC3-I, LC3-IT and SQSTM1/p62 in cells treated with 40 uM H,O, and 100 pg/ml AVLE. LC3-II protein expression was significantly upregulated
and SQSTM1/p62 was downregulated in cells treated with AVLE + H,0, compared with those treated with H,O, alone (P<0.001 vs. 40 xM H,0,). ""P<0.001.
AVLE, Apocynum venetum leaf extract.
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and cell apoptosis. These effects may be the result of AVLE
itself being rich in antioxidants. Apocynum venetum contains
an abundance of flavonoids, including hyperoside, quercetin,
kaempferol and rutin (33,34), and hyperoside and quercetin
have protective effects against oxidative damage on injured
cells (35-38).

The present study provides further insights into the effects
of AVLE on neurons, and the mechanism underlying the
protective effects of AVLE against oxidative stress-induced
apoptosis. The results of the present study may facilitate the
development of novel treatments for nervous system diseases
and injuries. However, there are some limitations. First, PC12
cells were used in the present study which are a highly differ-
entiated cell line. PC12 cells are used as model of neurons, and
thus the behaviour of PC12 cells may partially differ from that
real neurons in vivo. It will be of value to repeat these experi-
ments using primary cells and using in vivo animal models to
further confirm the effects of AVLE. In addition, the environ-
ment of the cells in vitro differs from that of neurons in vivo,
necessitating the need for in vivo animal experiments. Although
the AMPK/mTOR pathway may participate in the protective
effects of AVLE (39), the mechanism involved in the effects of
AVLE in the nervous system still require further investigation.
Additionally, the composition of AVLE is complex, thus it is
difficult to distinguish or identify which components served
the major roles in protecting PC12 cells against oxidative
stress. Extraction of the functional components and identifica-
tion of the effects of the individual components on the various
signalling pathways is required to fully elucidate the effects of
AVLE, and to provide more clinically relevant information. In
future studies, the active ingredients will be further clarified
with the aim of reducing the side effects of treatment with
AVLE.
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