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Cytoprotective effects of the medicinal herb
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Abstract. Astragalus membranaceus (AM) is a traditional
Chinese medicinal herb, whose cytoprotective effects remain
largely unknown. Here, the bacterial endotoxin lipopolysac-
charide (LPS) was applied to a human pulmonary type II-like
epithelial lung adenocarcinoma cell line, a human umbilical
vein endothelial cell line, and a human bladder carcinoma
cell line to construct in vitro models of intracellular oxida-
tive stress. The authors assayed the cellular and mitochondrial
cytoprotective effects of varying doses of AM root extract
upon these cell lines. The cell lines were cultured as follows:
LPS-only group, four LPS+AM groups treated with various
AM concentrations plus LPS, and an untreated control group.
Flow cytometry was used to assess apoptosis and cell cycle
progression. A 2'7'-dichlorofluorescein-diacetate assay was
used to quantitate reactive oxygen species (ROS) generation.
Mitochondrial membrane potential (Ay,,;) was analyzed by
Rhodamine 123 assay. Western blotting was performed to
detect cleaved caspase-3, p53, and B cell lymphoma (Bcl)-2
levels. Across all cell lines, LPS significantly elevated
apoptosis rates, shifted cells to S/G2 phase, increased ROS
production, reduced Ay, ;, upregulated cleaved caspase-3,
upregulated p53, and downregulated Bcl-2 relative to controls
(all P<0.05). As a general trend, increasing AM concentrations
produced progressively greater reductions in the apoptosis
rate, greater reductions in S/G2 phase %, greater reductions in
ROS production, greater increases in A, ;,, greater reductions
in cleaved caspase-3 and p53 expression, and greater increases
in Bcl-2 expression. AM treatment protects human pulmonary
and bladder epithelial cells, in addition to human endothelial
cells, from LPS-induced apoptosis, in a dose-dependent
manner.
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Introduction

The dried root of Astragalus membranaceus (AM), alter-
natively termed Astragali Radix or Huanggqi, is a globally
popular medicinal herb primarily grown in Northern China,
Mongolia and Korea (1). AM has been used in traditional
Chinese medicine (TCM) for over two millennia, where it
is traditionally believed to ease urination, reduce purulent
discharge, and promote soft tissue repair (1,2). To this day, the
water-soluble extract of AM is still applied for the alternative
treatment of various conditions, including fatigue, anorexia,
anemia, fever, allergies, gastric ulcers and diarrhea (1). There
are >100 biologically-active compounds that have been identi-
fied in AM, including flavonoids, saponins, polysaccharides,
amino acids and trace elements (1,3). It is hypothesized that
this combination of bioactive compounds are responsible
for AM's observed immunomodulatory, anti-hyperglycemic,
anti-inflammatory, antioxidant and antiviral properties (1).

In particular, AM has been indicated to demonstrate anti-
oxidant effects in diabetic nephropathy, heart disease and liver
disease (1). Several previous studies have reported that AM
root extract demonstrates antioxidant activity in vitro (4-6).
Although these previous findings reveal AM's beneficial anti-
oxidant properties, its cytoprotective effects at the cellular and
mitochondrial levels remain largely unknown.

To address this question, in vitro administration of the bacte-
rial endotoxin lipopolysaccharide (LPS) is a well-established
experimental model for generating intracellular oxidative
stress (7,8). In the present study, the authors applied LPS to a
human pulmonary type II-like epithelial lung adenocarcinoma
cell line, a human umbilical vein endothelial cell line and a
human bladder carcinoma cell line in order to construct in vitro
models of intracellular oxidative stress. They then assayed the
cellular and mitochondrial cytoprotective effects of varying
doses of AM root extract upon these three LPS-treated cell
lines. These findings should better the understanding of AM's
cytoprotective effects upon human cells.

Materials and methods

Cell culture and experimental group construction. The root
extract of Astragalus membranaceus (AM) and lipopolysac-
charide (LPS; 1 pg/ml) were purchased from Sigma-Aldrich
(Merck KGaA; Darmstadt, Germany). The human pulmonary
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type II-like epithelial lung adenocarcinoma cell line A549,
the human umbilical vein endothelial cell (HUVEC) line
CRL-1730, and the ECV304 cell line were purchased from
American Type Culture Collection (Manassas, VA, USA).
Notably, the ECV304 cell line was originally thought to be
derived from HUVECs from a healthy donor, however is
now known to be cross-contaminated with the T24 bladder
carcinoma cell line (9). Trypsin, propidium iodide (PI), and
RNase A were purchased from Sigma-Aldrich. Fetal calf
serum (FCS) was purchased from Hyclone; GE Healthcare
Life Sciences (Logan, UT, USA), and Dulbecco's modified
Eagles medium (DMEM) was purchased from Gibco; Thermo
Fisher Scientific, (Waltham, MA, USA).

The three logarithmic-phase cell lines were seeded onto
six-well plates at a density of 1x10° cells/ml and cultured in
DMEM supplemented with 5% FCS at 37°C to the point of
adherence. Then, adherent cells were divided into six experi-
mental groups: LPS group treated with LPS (1 pg/ml) alone,
four LPS+AM groups treated with various concentrations of
AM (25,50, 100, and 200 gg/ml) in addition to LPS (1 xg/ml),
and a control group receiving neither LPS nor AM. The three
cell lines were cultured under these conditions at 37°C for 24 h
prior to performance of the following assays.

Cell apoptosis assay. As previously described with minor
modifications (10), flow cytometric analysis was used to
differentiate early and late apoptotic cells using an Annexin
V-FITC/PI apoptosis detection kit (Nanjing KGI Biological
Technology Development Co., Ltd., Nanjing, China) according
to the manufacturer's instructions. Briefly, cells (1x10° cells/ml)
were trypsinized, and the cell suspension was transferred into
a centrifuge tube for centrifugation (200 x g, 30 min,4°C). The
supernatant was aspirated out, and the cells were washed three
times with phosphate-buffered saline (PBS). A total of 100,000
cells were resuspended in 100 ul binding buffer containing
Annexin V-FITC and PI. Samples were incubated for 5 min
at room temperature in the dark. Quantification of Annexin
V-FITC and PI binding was performed using a BD-FACS
Canto™ 1I flow cytometer (BD Biosciences, Franklin Lakes,
NJ, USA). BD CellQuest™ Pro version 5.2.1 (BD Biosciences)
was then used to perform the quadrant analysis. Experiments
were repeated three times.

Cell cycle progression assay. Cell cycle progression was deter-
mined by flow cytometry following PI staining, as previously
described with minor modifications (11). Cells were trypsin-
ized, and the cell suspension was transferred into a centrifuge
tube for centrifugation (1,000 x g, 5 min, 37°C). The superna-
tant was aspirated out, the cells were washed three times with
PBS. Cells were fixed in 70% ethanol at 4°C for 24 h. The cells
were then stained with a PI/RNase staining buffer for 1 h at
37°C. Stained cells were analyzed on a BD-FACS Canto™ II
flow cytometer (BD Biosciences) to calculate the proportion of
cells in the various phases of the cell cycle using Mod Fit LT
version 3.0 (Verity Software House Inc., Topsham, ME, USA).
Experiments were repeated three times.

Reactive oxygen species (ROS) detection assay. The
2'/7'-dichlorofluorescein-diacetate (DCFH-DA) kit was used to
quantitate ROS generation as an index for cytotoxicity, and was
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purchased from Cell Biolabs, Inc. (San Diego, CA, USA). ROS
generation was analyzed with a DCFH-DA assay as previously
described, with minor modifications (12). The culture medium
was aspirated out, cells were washed three times in PBS, and
then incubated in ROS staining solution (DCFH-DA) at 37°C
for 20 min. Following washing three times with PBS, DCFH
fluorescence intensity was detected with a BD-FACS Canto™
IT flow cytometer (BD Biosciences) at a 488 nm excitation
wavelength and a 525 nm emission wavelength (channel FL1).
Results were calculated relative to the mean fluorescence
intensity of channel FL1 in the untreated control group.
Experiments were repeated three times.

Mitochondrial membrane potential (Av,,;,) assay. Rhodamine
123 is a mitochondrial-specific fluorescent probe that stains in
a membrane potential-dependent fashion. This was used in the
present study and was. The mitochondrial membrane potential
(A,,,) was analyzed with a rhodamine 123 assay purchased
from Thermo Fisher Scientific, Inc, as previously described
with minor modifications (13). Cells were trypsinized, and
the cell suspension was transferred into a centrifuge tube
for centrifugation (400 x g, 15 min, 37°C). The supernatant
was aspirated, washed three times with PBS, and incubated
with 5 uM rhodamine 123 at 37°C for 30 min in the dark.
Rhodamine 123 fluorescence intensity was then detected with a
BD-FACS Canto™ II flow cytometer (Becton-Dickinson) and
CellQuest™ Pro version 5.2.1 (BD Biosciences). Experiments
were repeated three times.

Western blotting. Western blotting was performed as previ-
ously described, with minor modifications (14). Cells were
lysed for 30 min in MBST/OG buffer (25 mM MES; 150 mM
NaCl; 60 mM octylglucopyranoside; 1% Triton X-100; pH 6.4)
on ice. The lysate was boiled for 10 min to denature the proteins
and then cooled. The protein concentration was determined
using the Bradford assay, and equal amounts of lysate protein
(50 ug/lane) were then resolved by 10% SDS-PAGE. Following
electrophoresis, the proteins were transferred to a polyvinyli-
dene difluoride membrane, which was blocked for 1 h in 5%
skim milk solution in Tris-buffered saline containing 0.1%
Tween-20 at room temperature. The membrane was incubated
overnight at 4°C with primary antibodies (Abcam, Cambridge,
UK) against human cleaved caspase-3 (1:100; cat. no. ab2302),
human p53 (1:500; cat. no. ab26), human B cell lymphoma
(Bcl)-2 (1:1,000; cat. no. ab32124), and human [-actin
(1:500; cat. no. ab8226). The membrane was subsequently
incubated for 1 h at room temperature with horseradish perox-
idase-conjugated secondary antibodies (1:5,000; anti-rabbit,
cat. no. ab7090; anti-mouse, cat. no. ab97040; Abcam). The
immunoreactive bands were visualized using an enhanced
chemiluminescence detection kit (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Band intensity was quantified using
ChemiDoc XRS (Bio-Rad, Laboratories, Inc.) and normalized
to B-actin. Experiments were repeated three times.

Statistical analysis. Statistical analysis was performed using
SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA).
Data are presented as the mean + standard deviation from at
least three independent experiments. Statistically significant
differences between experimental groups were assessed
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Figure 1. Apoptosis rates in the three cell lines. Apoptosis rates of (A) the human pulmonary type II-like epithelial lung adenocarcinoma cell line A549, (B) the
human umbilical vein endothelial cell line CRL-1730, and (C) the human bladder carcinoma cell line ECV304. A, Untreated control group (no LPS, no AM);
b, LPS group (1 ug/ml), and the four LPS+AM groups treated with LPS (1 pg/ml); plus c, 25; d, 50; e, 100; and f, 200 pg/ml of AM. Data are presented as the
mean =+ standard deviations from three independent experiments. “P<0.05 vs. control group a, and "P<0.05 vs. LPS group b, with one-way analysis of variance
followed by Bonferroni post-hoc test. AM, Astragalus membranaceus; LPS, lipopolysaccharide; PI, propidium iodide.

by one-way analysis of variance followed by Bonferroni's
multiple comparison test. P<0.05 was considered to indicate a
statistically significant difference.

Results

AM therapy reduces apoptosis rate. The present study first
assayed apoptosis rates under varying doses of AM root
extract in the three LPS-treated human cell lines. Across all
three cell lines, LPS administration significantly increased
apoptosis rates compared with controls (P<0.05; Fig. 1).
The addition of either 100 pg/ml or 200 pg/ml AM therapy
significantly reduced apoptosis rates in LPS-treated cells
(P<0.05; Fig. 1). As a general trend, increasing concentrations
of AM therapy produced progressively greater reductions in
the apoptosis rate.

AM therapy affects cell cycle progression. Having estab-
lished that AM therapy significantly reduces apoptosis rate
in LPS-treated cells, the present study assayed cell cycle
phase distributions under varying doses of AM root extract
in the three LPS-treated human cell lines. Across all three
cell lines, LPS administration produced a significant shift
to S/G2 phase relative to controls (P<0.05; Fig. 2). In A549
cells, the addition of either 25, 100 or 200 yg/ml AM therapy
significantly reduced the S/G2 phase % in LPS-treated cells
(P<0.05; Fig. 2A). In CRL-1730 cells, the addition of all AM
therapy doses significantly reduced the S/G2 phase % in
LPS-treated cells (P<0.05; Fig. 2B). In ECV304 cells, the addi-
tion of 200 pg/ml AM therapy significantly reduced the S/G2
phase % in LPS-treated cells (P<0.05; Fig. 2C). As a general
trend, increasing concentrations of AM therapy produced
progressively greater reductions in S/G2 phase %.
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Figure 2. Cell cycle phase distributions in the three cell lines. Cell cycle phase distributions of (A) the human pulmonary type II-like epithelial lung adenocar-
cinoma cell line A549, (B) the human umbilical vein endothelial cell line CRL-1730, and (C) the human bladder carcinoma cell line ECV304. A, Untreated
control group (no LPS, no AM); b, LPS group (1 pg/ml), and the four LPS+AM groups treated with LPS (1 pg/ml); plus ¢, 25; d, 50; e, 100; and f, 200 pg/ml
of AM. Data are presented as the mean + standard deviations from three independent experiments. “P<0.05 vs. control group a, and “P<0.05 vs. LPS group b,
with one-way analysis of variance followed by Bonferroni post-hoc test. AM, Astragalus membranaceus; LPS, lipopolysaccharide.

AM therapy reduces ROS production. The present study next
assayed ROS production under varying doses of AM root
extract in the three LPS-treated human cell lines. Across all
three cell lines, LPS administration significantly increased
ROS production relative to controls (P<0.05; Fig. 3A).
Across all three cell lines, the addition of either 100 pg/ml
or 200 pg/ml AM therapy significantly reduced ROS produc-
tion in LPS-treated cells (P<0.05; Fig. 3A). As a general
trend, increasing concentrations of AM therapy produced
progressively greater reductions in ROS production.

AM therapy increases Ay, levels. Having established
that AM therapy significantly reduces ROS production in

LPS-treated cells, Ay,,;, levels were then assayed under
varying doses of AM root extract in the three LPS-treated
human cell lines. As diffusion of the cationic dye rhodamine
123 is directly proportional to the degree of membrane polar-
ization, Ay, levels were examined by measuring the relative
differences in rhodamine 123 fluorescence intensity between
the experimental groups (15). Across all three cell lines, LPS
administration significantly reduced Ay, relative to controls
(P<0.05; Fig. 3B). Across all three cells lines, the addition
of either 100 pg/ml or 200 ug/ml AM therapy significantly
increased Ay, in LPS-treated cells (P<0.05; Fig. 3B). As
a general trend, increasing concentrations of AM therapy
produced progressively greater increases in A, ;.
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Figure 3. ROS and mitochondrial membrane potential in the three cell lines.
(A) Fluorescence intensity of ROS in the three cell lines. (B) Fluorescence
intensity of rhodamine 123 in the three cell lines. A, Untreated control group
(no LPS, no AM); b, LPS group (1 xg/ml), and the four LPS+AM groups
treated with LPS (1 gg/ml); plus c, 25; d, 50; e, 100; and f, 200 ug/ml of AM.
Data are presented as the mean =+ standard deviations from three independent
experiments. “P<0.05 vs. control group a, and "P<0.05 vs. LPS group b, with
one-way analysis of variance followed by Bonferroni post-hoc test. AM,
Astragalus membranaceus; LPS, lipopolysaccharide; ROS, reactive oxygen
species.

AM therapy affects expression of apoptosis-associated
proteins. Having established that AM therapy significantly
increases Ay, levels in LPS-treated cells, the expression of
several apoptosis-associated proteins (cleaved caspase-3, p53,
and Bcl-2) were assayed under varying doses of AM root
extract in the three LPS-treated human cell lines. In all three
cell lines, LPS administration significantly increased cleaved
caspase-3 and p53 expression and significantly decreased
Bcl-2 expression, relative to controls (P<0.05; Fig. 4). In
A549 cells, the addition of all AM therapy doses significantly
reduced cleaved caspase-3 and p53 expression (P<0.05;
Fig. 4A); however, only 200 pg/ml AM therapy significantly
increased Bcl-2 expression in LPS-treated A549 cells (P<0.05;
Fig. 4A). In CRL-1730 cells, the addition of all AM therapy
doses significantly reduced cleaved caspase-3 and p53 expres-
sion (P<0.05; Fig. 4B); however, only the addition of either
100 pg/ml or 200 pg/ml AM therapy significantly increased
Bcl-2 expression in LPS-treated CRL-1730 cells (P<0.05;
Fig. 4B). In ECV304 cells, the addition of either 100 pg/ml or
200 ug/ml AM therapy significantly reduced cleaved caspase-3
and p53 expression (P<0.05; Fig. 4C); however, only the addi-
tion of 200 ug/ml AM therapy significantly increased Bcl-2
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expression in LPS-treated ECV304 cells (P<0.05; Fig. 4C).
Interestingly, the addition of 25 yg/ml AM therapy increased
p53 expression, and 50 pg/ml AM therapy increased cleaved
caspase-3 and p53 expression; however, these alterations were
not significant (P>0.05; Fig. 4C). As a general trend, increasing
concentrations of AM therapy produced progressively reduced
cleaved caspase-3 and p53 expression, and increased Bcl-2
expression levels.

Discussion

Oxidative stress is defined as the excess production of ROS
(and/or other oxidant species) that overwhelms the cell's
antioxidant capacity, with mitochondrial electron transport
recognized as an important source of ROS in the majority
of eukaryotic cell types (16,17). Oxidative stress induces
macromolecular damage (oxidative damage of DNA bases,
polyunsaturated fatty acids, and amino acid residues)
and is involved in the pathogenesis of several disorders,
including inflammatory diseases, atherosclerosis, diabetes,
and cancer (16-18). Although several synthetic compounds
have been developed and marketed to address oxidative
stress (butylated hydroxytoluene, butylated hydroxyanisole,
and nordihydroguaiaretic acid), these synthetic compounds
may produce adverse side effects (18,19). As a result, there
is increasing interest in the discovery and investigation
of non-synthetic, naturally-occurring therapies to address
oxidative stress.

The TCM herb Astragalus membranaceus (AM,
Astragali Radix, or Huangqi) has been demonstrated to
exhibit antioxidant effects in vitro (4-6). Previous research on
eight TCM herb pairs demonstrated that antioxidant activity is
largely driven by alterations in total flavonoid content (20). In
accordance with this, antioxidant assays on five AM extracts
(ABTS, DPPH, reducing power, and *OH assays) demonstrated
that AM's phenolic compounds (including flavonoids) are
primarily responsible for its antioxidant effects (4). However,
there is little available information on the cellular and mito-
chondrial cytoprotective effects of AM root extract in human
cells.

Therefore, the present study examined the cellular and
mitochondrial cytoprotective effects of varying doses of AM
root extract applied to three LPS-treated human cell lines.
Across all three cell lines, it was demonstrated that AM
treatment reduced the negative cellular and mitochondrial
effects induced by LPS in a dose-dependent manner, through
reduced apoptosis rates, reduced S/G2 phase arrest, reduced
ROS production, increased Ay,,;, reduced cleaved caspase-3,
reduced p53 expression and increased Bcl-2 expression.
As increased ROS production and loss of Ay, have been
associated with the activation of caspase-induced apoptotic
cascades (15,21), these results suggested that AM therapy
reduced apoptosis through dampening ROS production and
dampening Ay, loss, which downregulated the p53-induced
caspase-mediated pro-apoptotic pathway and upregulated
the nuclear factor-kB-induced Bcl-2-mediated anti-apoptotic
pathway. Accordingly, this precise pattern of anti-apoptotic
findings has been previously observed with other natu-
rally-occurring therapies in vitro, including isofraxidin,
quercetin, cyanidin, arjunolic acid, and taurine (21-25).
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Figure 4. Western blotting of cleaved caspase-3, p5S3 and Bcl-2 in the three cell lines. Western blotting of (A) the human pulmonary type II-like epithelial
lung adenocarcinoma cell line A549, (B) the human umbilical vein endothelial cell line CRL-1730, and (C) the human bladder carcinoma cell line ECV304.
A, Untreated control group (no LPS, no AM); b, LPS group (1 yg/ml), and the four LPS+AM groups treated with LPS (1 yg/ml); plus c, 25; d, 50; e, 100 and
f, 200 pg/ml of AM. B-actin served as a loading control. Data are presented as the mean + standard deviations from three independent experiments. “P<0.05
vs. control group a and "P<0.05 vs. LPS group b with one-way analysis of variance followed by Bonferroni post-hoc test. AM, Astragalus membranaceus; LPS,

lipopolysaccharide; Bcl-2, B cell lymphoma-2.

There are several limitations to the present study. Firstly,
the present study only analyzed three human cell lines,
therefore results are restricted to the three cell lines and
AM therapy may have different effects in other cell types.
Secondly, the in vitro LPS model used here may not precisely
match the oxidative stress conditions for the three cell types
in vivo. Finally, an AM root extract solution that contains
numerous bioactive compounds was applied; therefore, the
present study did not establish which compound(s) in the AM
root extract were responsible for the observed effects. Future
studies on AM root extract should apply high performance
liquid chromatography and mass spectrometry analytical
techniques in order to identify the constituent bioactive
compounds responsible for AM's beneficial effects (26).
In addition, although the results suggest it, the present
study did not conclusively establish that AM therapy
reduces apoptosis through downregulating the p53-induced
caspase-mediated pro-apoptotic pathway and/or upregulating
the NF-kB-induced Bcl-2-mediated anti-apoptotic pathway.
Therefore, further experiments involving gene silencing and
overexpression are required to establish the precise molecular
mechanism(s) underlying AM's beneficial effects.

In conclusion, AM treatment protects human pulmonary
and bladder epithelial cells as well as human endothelial cells

from LPS-induced apoptosis in a dose-dependent manner.
The present evidence suggests that AM therapy reduces ROS
production and mitochondrial membrane depolarization,
thereby preventing the activation of caspase-induced apop-
totic cascades. Further research on the molecular effects of
AM's constituent compounds are needed to better understand
the molecular mechanism(s) underlying AM's beneficial
effects.
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