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Protective effect of rhein against oxidative stress-related
endothelial cell injury
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Abstract. Endothelial cell injury caused by reactive oxygen
species (ROS) plays a critical role in the pathogenesis of
atherosclerosis. Therefore, phytochemicals or antioxidants that
inhibit the production of ROS have clinical value for the treat-
ment of atherosclerosis. Rhein is one of the most important
active components of rthubarb (Rheum officinale), a famous
traditional Chinese remedy that possesses potent antioxidant
properties through undefined mechanism(s). The aim of the
present study was to determine whether rhein inhibits hydrogen
peroxide (H,0,)-induced injury in human umbilical vein
endothelial cells (HUVECsS). The oxidative injury model was
established with H,0,. HUVECs were treated with different
concentrations of rhein in the presence/absence of H,O,. The
protective effects of rhein against the injury caused by H,0,
were evaluated. HUVECs incubated with 200 xmol/l H,O,
had significantly decreased cell viability, which was accom-
panied by cell apoptosis and upregulated Bid and caspase-3,
-8 and -9 mRNA expression. Meanwhile, H,O, treatment
induced a marked increase in malondialdehyde (MDA) and
lactate dehydrogenase (LDH) content and decreased the nitric
oxide (NO) content and nitrogen oxide synthase (NOS), super-
oxide dismutase (SOD) and glutathione peroxidase (GSH-PX)
activity. However, pre-treatment with different rhein concen-
trations (2, 4, 8 and 16 pmol/l) significantly increased the
viability of H,O,-injured HUVECs, decreased the MDA and
LDH content, increased the NO content and NOS, SOD and
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GSH-PX activity in a dose-dependent manner and resulted in
significant recovery from H,0O,-induced cell apoptosis. In addi-
tion, the results of the qRT-PCR indicated that pre-treatment
with rhein downregulates the expression of Bid and caspase-3,
-8 and -9 mRNA, which plays a key role in H,0,-induced
cell apoptosis. The present study shows that rhein protects
endothelial cells against oxidative injury induced by H,0,,
suggesting that rhein is a potential compound for the preven-
tion and treatment of atherosclerosis.

Introduction

Cardiovascular disease (CVD) is the primary cause of
morbidity and mortality worldwide (1). Atherosclerosis (AS),
a chronic inflammatory disease that results in the deposition
of oxidized lipoproteins that form fatty plaques, accounts for
nearly 75% of all deaths from CVD (2,3). Vascular inflamma-
tion, especially at the endothelium cell level, has been shown
to play a pivotal role in the initiation, progression and clinical
complications of AS (4).

Endothelial cells regulate cardiovascular health and
control the elasticity of vessels. Injury of endothelial cells is
the first stage of AS, and oxidative stress is regarded as a crit-
ical pathogenic factor in endothelial cell injury (5). Oxidative
stress is mainly caused by the excessive accumulation of reac-
tive oxygen species (ROS), which include hydrogen peroxide
(H,0,), superoxide anions (O**) and hydroxyl radicals (*OH).
ROS are continuously produced in cells as products of cellular
oxidation-reduction processes and as the mechanisms of
biophylaxis (6). Numerous studies have shown that exposure
to ROS is one of the main causes of endothelial cell injury (7).
Among them, H,0, is known to be one of the common ROS,
which easily penetrates the plasma membrane and affects
neighboring cells as well as H,O,-producing cells. By itself,
H,0, does not initiate lipid peroxidation, does not oxidize
DNA or amino acids, and has been extensively used to induce
endothelial cell injury in in vitro models (7-9).

Rhein (4,5-dihydroxyanthraquinone-2-carboxylic acid), the
active metabolite of diacetylanthraquinone, is one of the most
important active components of rhubarb (Rheum officinale), a
famous traditional Chinese remedy (10). Rhein has antibacte-
rial (11), antitumor and anti-inflammatory properties (12).
Notably, rhein inhibits superoxide anion production in a
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dose-dependent manner (13) and the proliferation of vascular
smooth muscle cells (14).

In the vascular system, rhein is beneficial for the preven-
tion of AS by protecting endothelial cells from damage (15).
In the present study, an oxidative injury model was established
using H,0,, and the effect of rhein on oxidative damage to
human umbilical vein endothelial cells (HUVECS), as well as
the potential underlying mechanism, were investigated.

Materials and methods

Materials. HUVECs were obtained from the College of
Medicine of Nanchang University (HUVEC-12). The study
was approved by the Ethics Committee of Nanchang University
(China). Fetal calf serum (FCS), Dulbecco's modified Eagle's
medium (DMEM) and serum-free medium were purchased
from Gibco (Invitrogen, USA). Trypsin and 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-dipheyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (USA). Rhein was obtained
from the National Institute for the Control of Pharmaceutical
and Biological Products (Beijing, China).

Cell culture. HUVECs were cultured in DMEM containing
10% FCS under standard conditions [humidified atmosphere,
5% (v/v) CO,, 37°C]. Upon reaching confluence, the cells were
harvested by treatment with 0.25% trypsin and 0.02% EDTA
for 3 min and replanted. The medium was changed every
2 days and the cells from the fourth passage were used for all
subsequent experiments. The cell number was determined by
classic hemocytometry.

Effect of rhein on the proliferation of HUVECs (MTT assay).
The HUVECs were seeded at a density of 5x10° cells/well in
96-well cell-culture plates and pre-incubated for 24 h before
DMEM was replaced with serum-free medium. After 8 h
of incubation, the cells were treated with serum-free media
containing rhein (2, 4, 8, 16, 32 and 64 ymol/l) for 24 h. Rhein
in 0.01 M phosphate buffer (pH 7.2) was used as the control.

Following treatment, the serum-free media containing
rhein were removed and fresh media were added; the cells
were then incubated for 4 h to stabilize. Finally, the cells were
incubated with 100 I MTT solution (5 g/l) for 4 h. The media
were removed and the water-insoluble formazan crystals that
formed in the living cells were dissolved in 100 xl DMSO.
The absorbance was recorded at 490 nm using a Thermo
Scientific Multiskan MK3 Microplate Reader (Thermo
Fisher, USA). Six independent replicates were performed for
each experiment.

Effect of rhein on the HUVECs with H,0, treatment. The
cells were cultured under the conditions described above. The
oxidative injury model of HUVECs was established using
H,0,, which was designated as the H,O, group. The HUVECs
were randomly divided into the control, H,O, group and five
rhein groups (1, 2, 4, 8 and 16 pgmol/l rhein + 200 gmol/l
H,0,). The HUVECs in the H,0, group were incubated for
8 h in medium containing H,O, (200 gmol/l). In the rhein
groups, the cells were pre-incubated for 24 h with different
final concentrations of rhein (1, 2, 4, 8 and 16 ymol/l) and
then exposed to 200 xmol/l H,O, for 8 h. Finally, the effect of
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rhein on the HUVECs with H,0, injury was measured with
an MTT assay, as previously described. In the present study,
we carried out the concentration-dependent analyses of the
survival rate of HUVECs induced by H,0,. When H,0,
concentration was >200 uM, the survival rate decreased
by 23%, significantly different to the control (p<0.05),
which suggests that H,O, induced cell injury. Regarding
experimental data processing, 200 pM of H,O, was chosen
to establish the oxidative stress model.

Effect of rhein on LDH, MDA, NOS, NO, SOD and GSH-PX
of HUVECs. The release of nitric oxide (NO) and lactate dehy-
drogenase (LDH), the content of malondialdehyde (MDA),
and the activities of superoxide dismutase (SOD), nitrogen
oxide synthase (NOS) and glutathione peroxidase (GSH-PX)
were determined with assay kits (Jiancheng Bioengineering
Research Institute, Nanjing, China), following the manufac-
turer's instructions.

Effect of rhein on the apoptosis of HUVECs. An
Annexin V-fluorescein isothiocyanate (FITC) apoptosis detec-
tion kit (KeyGEN, Nanjing, China) was used for the assay,
which was determined by flow cytometry. The cells were
collected by trypsinization and centrifuged at 2,000 rpm for
5 min. Subsequently, the cells were washed twice with PBS
(pH 7.2) and centrifuged at 2,000 rpm for 5 min. The cell
pellets were resuspended in fluorochrome solution containing
propidium iodide (PI) and Annexin V-FITC. After 5 min, the
cells were analyzed with BD FACSCalibur™ flow cytometry
system (Becton-Dickinson, USA). All tests were carried out
in triplicate.

Quantitative real-time polymerase chain reaction (GqRT-PCR)
for the mRNA expression. Total RNAs were isolated from
HUVECs using TRIzol reagent (Invitrogen), and 1 pg of RNA
was reverse-transcribed using the PrimerScript™ RT-PCR
kit (Takara code DRRO14A), according to the manufacturer's
protocol. qRT-PCR was performed to determine the expres-
sion levels of genes, such as Bid, as well as caspase-3, -8 and
-9, using SYBR Premix Ex Tag™ (Takara code DRR0O41A) in
the ABI 7900HT Real-Time PCR system (Applied Biosystems,
USA). The following PCR conditions were used: 95°C for
30 sec, followed by 40 cycles at 95°C for 5 sec and 60°C for
1 min. The fluorescence signals were detected with an ABI
7900HT Version 2.3 sequence detection system (Applied
Biosystems). The cycle threshold (Ct) values for each gene were
determined and the gene expression data were normalized to
the endogenous control (-actin. The relative mRNA expres-
sion levels were calculated via the comparative threshold cycle
(ACt) method, where ACt is the difference in Ct value between
the target gene and B-actin. All samples were analyzed in trip-
licate. The gene-specific primers used for qRT-PCR are listed
in Table I.

Data analysis. The values are presented as the means =+
standard deviation (SD; n=4). Statistical comparisons were
performed with SPSS PASW Statistics 18. One-way ANOVA
and Student's t-test were carried out to determine statistical
significance. P-values <0.05 were considered to indicate statis-
tically significant differences.
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Table I. Primer sequences used for quantitative real-time PCR.
Gene Primer sequences (5' to 3') Product size (bp)
[-actin Forward: AGTTGCGTTACACCCTTTCTTG 152

Reverse: CACCTTCACCGTTCCAGTTTT
Bid Forward: AGTCACACGCCGTCCTTGCT 157

Reverse: GCTGTGACCACATCAAGCTTTAGCC
Caspase-3 Forward: TGTGAGGCGGTTGTGGAAGAGT 182

Reverse: AATGGGGGAAGAGGCAGGTGCA
Caspase-8 Forward: TGTCCTTCCTGAGGGAGCTGCT 115

Reverse: TGAGCCCTGCCTGGTGTCTGAA
Caspase-9 Forward: TGGAGGATTTGGTGATGTCGAGCA 97

Reverse: ATCTGGCTCGGGGTTACTGCCA
Table II. Effect of rhein on the survival rate of HUVECs.

Concentration of rhein (zmol/l)
0 (control) 2 4 8 16 32 64
Survival rate (%)  100.00£3.01 100.38+0.95 97.50+1.78 9697144  92.22+225 8248+3.18*  75.30+1.33*
Values are the means + SD (n=3). “Statistically significant differences between control and the rhein group (p<0.05).
Table III. Protective effect of rhein against H,O, injury in HUVECs.
Concentration of rhein (zmol/l)
H,0, 0 1 2 4 8 16
group (control)

Survival rate (%)  100.00+£2.14  7527+148*  7542+147 78.00+1.17° 80.08+1.08°> 82.30+1.03* 88.46+0.70°

Values are the means + SD (n=3). Cells were pre-treated with various rhein concentrations for 24 h, followed by H,O, treatment (200 gmol/l).
Statistically significant differences between the control and the H,0O, group (p<0.05); "statistically significant differences between the H,O,

and the rhein groups (p<0.05).

Results

Effect of rhein on the proliferation of HUVECs. To exclude
rhein cytotoxicity against HUVECS, its effects on the prolifera-
tion of HUVECS were examined in the present study. As shown
in Table IT, 64 and 32 ymol/l of rhein significantly inhibited the
proliferation of HUVECs (p<0.05). However, cell viability was
not significantly different between cells treated with rhein (2, 4,
8 and 16 ymol/l) and the control. Thus, no more than 16 ymol/I
of rhein was selected for the subsequent studies.

Protective effects of rhein against H,O, injury in HUVECs. As
shown in Table III, following exposure to 200 #mol/l of H,O,,
the cell viability of HUVECs decreased significantly (p<0.05)
and the survival rate was 75.3%. However, pre-incubation with
different rhein concentrations (2, 4, 8 and 16 ymol/l) signifi-
cantly increased the viability of the H,O,-treated HUVECs

in a dose-dependent manner (R?=0.9704) and the survival
rates were 78.0, 80.1, 82.3 and 88.5%, respectively. These
results suggest that rhein protected HUVECs from oxidative
stress-related cellular injury.

Influence of rhein on LDH, MDA, NOS, NO, SOD and
GSH-PX of HUVECs. Currently, LDH is used mainly as an
indicator for cell damage. Elevated LDH levels usually indi-
cate cell damage. As shown in Fig. 1A, the percentage of LDH
released by the HUVECs was 36.51% in the control, which
was significantly increased to 54.89% after 8 h of exposure
to 200 umol/l of H,0O, (p<0.05). However, pre-treatment with
different rhein concentrations (2, 4, 8 and 16 ymol/l) for 24 h
significantly attenuated the H,O,-induced increase in LDH
release (p<0.05): LDH release (%) = release of LDH in the
supernatant/(release of LDH in the supernatant + release of
LDH from the cell lysate).
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Figure 1. Effect of rhein on LDH, MDA, NO, NOS, SOD and GSH-PX activity in HUVECs. “Statistically significant differences between the control and the
H,0, group (p<0.05); " <statistically significant differences between the H,O, and rhein groups (p<0.05).
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Figure 2. Analysis of HUVEC apoptosis by flow cytometry using Annexin V-FITC and PI. Quadrant analysis of fluorescence intensity of gated cells in
Annexin V-FITC and PI channels was from 20,000 events. (A) Control; (B) H,O, group; (C) rhein group (16 gmol/l).

NO is a molecule that has gained recognition as a crucial
modulator of vascular disease, and one of the hallmarks of
damaged endothelium is diminished levels of bioavailable
NO, which is catalyzed by NOS (16). In the present study,
NO release and NOS activity were assayed. Compared to the
control, NO production and NOS activity were significantly
decreased in the H,O, group (p<0.05), which led to nitrosa-
tive stress indirectly. Nitrosative stress also plays an important
role in AS. Nitrosative stress is induced whenever conditions
are favorable for increased superoxide formation and NO
is locally available. Superoxides react with NO, forming
peroxynitrite (ONOQO"), which rapidly causes protein nitration
or nitrosylation, lipid peroxidation, DNA damage and cell
death. Ideal therapeutic approaches for nitrosative stress in AS
should limit the formation of superoxides and ONOO", while

preventing reductions in vascular NO that would cause vaso-
constriction (17). Following pre-treatment with different rhein
concentrations (2, 4, 8 and 16 ymol/l) for 24 h, the decrease in
H,0,-induced NO production and NOS activity were inhibited
in a dose-dependent manner (Fig. 1B and D).

ROS degrades polyunsaturated lipids, forming MDA. MDA
is one of the most frequently used indicators of lipid peroxida-
tion (18), which is indirectly involved in the degree of damage
to cells. The MDA concentration was 26.15+2.02 nmol/
mg protein in the control. Addition of 200 gmol/l
H,O, caused a significant increase in MDA production
(42.38+2.16 nmol/mg protein, p<0.05). MDA concentration
decreased significantly after the cells were pre-treated with
different concentrations of rhein (2, 4, 8 and 16 ymol/l)
for 24 h (p<0.05, Fig. 1C).
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Figure 3. Effect of rhein on the mRNA expression levels of H,0,-induced Bid
and caspase -3, -8 and -9 in HUVECs. “Statistically significant differences
between the control and the H,0, group (p<0.05); " “statistically significant
differences between the H,O, group and the rhein group (p<0.05). C, control;
H, H,O, group; Lr, low rhein concentration (4 ymol/l); Hr, high rhein concen-
tration (16 gmol/l).

To protect cells from the damage caused by ROS, organ-
isms have developed several defense mechanisms to remove
ROS, which include antioxidant enzymes, such as SOD and
GSH-PX. SOD catalyzes the dismutation of superoxide into
H,0,, whereas GSH-PX converts H,O, to water (19). The
activities of SOD and GSH-PX are shown in Fig. 1E and F.
The activities of SOD (45.43+4.21 U/mg protein) and GSH-PX
(80.16+1.56 U/mg protein) were significantly decreased in
the H,O, group compared to the control (120.08+19.62 and
151.82+10.71, respectively; p<0.05), whereas pre-treatment
with different rhein concentrations significantly increased
the SOD and GSH-PX activity in the HUVECs in a dose-
dependent manner (Fig. 1E and F). The results show that rhein
protects HUVECS against the damage caused by H,0,.

Effect of rhein on HUVEC apoptosis. The analysis was
performed as described by Mukherjee et al (20). As shown in
Fig. 2, the cells were gated in four quadrants. The cells in the
lower right (LR) and upper right (UR) were considered early
apoptotic (Annexin*/PI') and late apoptotic (Annexin*/PI*),
respectively, whereas the cells in the lower left and upper left
quadrants were considered live and necrotic, respectively. The
extent of apoptosis was expressed as the total of the percent-
ages in the quadrants.

As shown in Fig. 2A, the percentages of apoptotic cells
were 0.4% (UR) and 11.6% (LR) in the control. Following
exposure to 200 ymol/l H,O, for 8 h, the percentage of apop-
tosis increased to 2.1% (UR) and 41.7% (LR), respectively
(Fig. 2B). However, pre-incubation with rhein (16 gmol/I) for
24 h arrested the apoptosis induced by H,O, exposure, and the
values of apoptosis were decreased to 0.7% (UR) and 22.7%
(LR) (Fig. 2C). The results suggest that rhein has protective
effects against oxidative stress-related cellular injury by
decreasing the apoptosis rate.

Effect of rhein on the mRNA expression of Bid and caspases in
HUVEC:s. To explore the anti-apoptotic mechanism of rhein, the
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mRNA expression levels of Bid and caspase-3, -8 and -9 were
measured by qRT-PCR. The results indicate that the mRNA
expression levels of all genes were significantly upregulated in
the H,O, group compared to the control (p<0.05, Fig. 3). Cells
pre-treated with high rhein concentrations ameliorated the upreg-
ulation of mRNA expression induced by H,O, (p<0.05, Fig. 3).

Discussion

Endothelial cell injury caused by ROS plays a critical role in the
pathogenesis of AS. The indicators of oxidative stress-related
cell injury (LDH, MDA, NO, NOS, SOD and GSH-PX) were
measured in the present study. The results indicate that the
cells treated with H,O, had markedly increased MDA and
LDH content and decreased NO content and NOS, SOD
and GSH-PX activity (p<0.05). However, pre-treatment with
different rhein concentrations (2, 4, 8 and 16 gmol/l) decreased
their MDA and LDH content and increased the NO content and
NOS, SOD and GSH-PX activity in a dose-dependent manner.
These findings suggest that rhein protects against HUVECs
through anti-oxidation, which is beneficial for the prevention
and treatment of AS.

In addition, AS is characterized by the excessive apop-
tosis of vascular endothelial cells (21). Oxidative stress in
the vascular wall has been closely implicated in the exces-
sive apoptosis of HUVECs (22). Therefore, the key point in
the prevention and control of AS is inhibiting the excessive
apoptosis of vascular endothelial cells induced by oxygen
radicals. In the present study, high concentrations of H,0, led
HUVECsS to undergo apoptosis, which is consistent with the
findings of other studies (23,24). However, the mechanisms
of apoptosis are quite complex and are controlled by various
pathways and signals (25). The underlying mechanisms of
H,0,-induced HUVEC apoptosis involved apoptosis-related
regulation signals, such as Bcl-2 and the caspase families (23).
In mammals, members of the Bcl-2 and caspase families play
cell-specific roles in apoptosis (26). Therefore, blockage of
these pro-apoptotic pathways in HUVECs has been considered
as an attractive therapeutic strategy to prevent or ameliorate
the progression of AS induced by H,0,.

Caspases, a group of highly conserved, cysteine-dependent
aspartate-specific proteases, play a central role in the regulation
and execution of apoptosis. There are two types of caspases:
initiator caspases, such as caspase-2, -8, -9 and -10, and effector
caspases, such as caspase-3, -7 and -6. Initiator caspases cleave
inactive pro-forms of effector caspases and thereby activate
them. Effector caspases in turn cleave other protein substrates
at aspartate residues within the cell. The overexpression of the
above genes triggers the apoptotic process (27). In the present
study, the expression levels of caspase-3, -8 and -9 mRNA were
low in the control, but were significantly upregulated when
endothelial cells were treated with H,O, (p<0.05). Notably, the
addition of rhein ameliorated the upregulation of caspase-3,
-8 and -9 mRNA (p<0.05, Fig. 3), which indicates that one of
the anti-apoptotic mechanisms of rhein is a caspase-dependent
pathway.

Bid is a member of the Bcl-2 family that belongs to the
‘BH3 domain-only’ pro-apoptotic regulators. Caspase-8
cleaves the cytoplasmic Bid protein into truncated Bid (tBid),
which translocates to the mitochondria and causes the release
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of caspase-activating factors from the mitochondria, thereby
inducing cell apoptosis (28,29). The expression levels of Bid
mRNA were significantly upregulated in the H,O, group
compared to the control (p<0.05). However, high rhein
concentrations ameliorated the upregulation of H,O,-induced
Bid mRNA expression (p<0.05, Fig. 3), which suggests that
the Bcl-2 pathway may be another anti-apoptotic mechanism
of rhein.

Caspase activation is a crucial early event in cells under-
going apoptosis and the Bcl-2 family is involved in a distal
apoptotic pathway. In the present study, rhein appeared to
switch off the apoptotic cascade pathway by inhibiting the acti-
vation of Bid and caspase-3, -8 and -9. These findings suggest
that rhein protects H,O,-injured HUVECs by interrupting the
apoptotic cascade pathway of the caspase and Bcl-2 families,
which may be an anti-apoptotic mechanism of rhein (30).

In conclusion, rhein has anti-oxidative effects on HUVECS;
it directly inhibits the intracellular ROS generation stimulated
by H,0O,, downregulates the expression of Bid and caspase-3,
-8 and -9 mRNA, and decreases endothelial cell apoptosis. The
findings of the present study may provide a pharmacological
basis for the clinical application of rhein in the treatment of
atherosclerosis.
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