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Abstract. The present study aimed to investigate the protec-
tive effects of rhein on cerebral ischemic/reperfusion (I/R) 
injury in rats. The present study focused on the effect of rhein 
on oxidative stress and apoptotic factors, which are consid-
ered to serve an important role in the onset of I/R injury. 
Sprague‑Dawley rats were subjected to middle cerebral artery 
occlusion. Neurological functional scores (NFSs) were evalu-
ated according to the Zea Longa's score criteria and the area of 
brain infarct was determined by triphenyltetrazolium chloride 
staining. The morphology of the nerve cells in the cortex was 
observed following hematoxylin and eosin staining. In addi-
tion, levels of oxidative stress were assessed by measuring the 
levels of superoxide dismutase (SOD), glutathione‑peroxidase 
(GSH‑Px), catalase (CAT) and malondialdehyde (MDA). 
Levels of B‑cell lymphoma-2 (Bcl‑2), apoptosis regulator Bax 
(BAX), caspase-9, caspase‑3 and cleaved caspase‑3 expression 
were analyzed using western blot analysis. Levels of caspase‑9 
and caspase‑3 mRNA expression were obtained using reverse 
transcription‑quantitative polymerase chain reaction. The 
results revealed that treatment with 50 or 100 mg/kg rhein 
significantly improved the NFS and markedly attenuated the 
area of infarction. Rhein also significantly reduced the content 
of MDA and significantly increased SOD, GSH‑Px and CAT 

activity. Western blot analysis indicated that rhein signifi-
cantly decreased the expression of BAX and enhanced the 
expression of Bcl‑2. Compared with the I/R group, levels of 
caspase‑9, caspase‑3 and cleaved caspase‑3 protein expression 
were significantly decreased in the rhein treatment groups. 
Additionally, rhein treatment significantly reduced levels of 
caspase‑9 and caspase‑3 mRNA expression. These results 
suggest that rhein exhibits protective effects during cerebral 
I/R injury and its underlying mechanism of action may involve 
the inhibition of oxidative stress and apoptosis. 

Introduction

Ischemic stroke is a leading cause of mortality and disability 
worldwide  (1). Survivors typically suffer from permanent 
brain damage, resulting in a reduced quality of life and 
increased social burden (2). Cerebral blood flow reperfusion is 
the primary treatment option for stroke (3). However, cerebral 
ischemia/reperfusion (I/R) induces a series of pathophysiolog-
ical processes, which may cause further damage, including I/R 
injury (4).

Oxidative stress and neuronal apoptosis are important 
factors in the pathological process of I/R injury that occurs in 
cerebral ischemic stroke followed by reperfusion (5). Oxidative 
stress refers to a comparative surplus of reactive oxygen 
species (ROS) caused by an imbalance between oxidants and 
antioxidants (6). The brain tissue is sensitive to oxidative stress 
as it contains low levels of endogenous antioxidant enzymes, 
including superoxide dismutase (SOD), glutathione‑peroxidase 
(GSH‑Px), and catalase (CAT), which act as cellular defenses 
against ROS  (7). Malondialdehyde  (MDA) is primarily 
induced by ROS and is commonly used as a biomarker of 
oxidative stress (8). Experimental and clinical studies have 
demonstrated that the expression of SODs, CATs and GSH‑Px 
are significantly reduced (7,9‑12) and MDA is significantly 
elevated in animal models of stroke and in patients that have 
experienced an ischemic stroke (12).

Oxidative stress is implicated in the initiation of apop-
tosis and it has been suggested that the balance between the 
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anti‑apoptotic protein B‑cell lymphoma-2 (Bcl‑2) and the 
pro‑apoptotic apoptosis regulator Bax (BAX) protein regu-
lates apoptosis (13). BAX mediates the activation of caspase‑9, 
which is upregulated following ischemia in human brain 
tissue (14). In animal models of ischemic stroke, caspase‑9 
leads to the activation of caspase‑3, which is considered to 
be a key mediator of apoptosis. Wagner et al (15) revealed 
that cleaved caspase‑3 was predominantly associated with 
cellular responses to stroke and this has been supported by 
the results of other studies (16‑18). Therefore, modulation of 
Bcl‑2/BAX and the suppression of caspase‑9, caspase‑3 and 
cleaved caspase‑3 expression may serve a protective role in the 
treatment of cerebral I/R injury. 

Rhein is a naturally occurring anthraquinone compound 
isolated from Radix et Rhizoma Rhei and is involved in a 
number of biological activities, including the suppression 
of ROS, downregulation of intracellular calcium concentra-
tion, promotion of microcirculatory function, inhibition of 
neutrophil migration and the promotion of anti‑inflammatory 
effects (19‑22). The blood‑brain barrier is disrupted during 
cerebral I/R injury and previous studies have revealed that 
segments of rhein are able to pass through the disrupted 
blood‑brain barrier  (23), inhibit cerebral infarction and 
improve the neurological functional score (NFS)  (24). 
Therefore, rhein may have potential beneficial effects in anti-
cerebral I/R injury. However, to the best of our knowledge, the 
signaling mechanisms that underlie the protective effects of 
rhein against I/R remain unknown. 

There have been few previous studies investigating the 
effect of rhein on cerebral I/R injury. Therefore, the present 
study aimed to evaluate the effects of rhein on ischemic 
injury, neurological outcomes, oxidative stress and apoptosis 
biomarkers in rats following ischemic stroke induced by 
middle cerebral artery occlusion (MCAO).

Materials and methods

Reagents. Rhein (molecular formula, C15H8O6; molecular 
weight, 284.225) was purchased from the National Institute 
for Food and Drug Control (Beijing, China). Nimodipine 
tablets were provided by Bayer AG (Leverkusen, Germany) 
and 2,3,5‑tr iphenyltetrazolium chloride (TTC) was 
obtained from Sigma‑Aldrich; Merck KGaA (Darmstadt, 
Germany). A Total Extraction Sample kit and a BCA 
protein assay kit were purchased from Nanjing KeyGen 
Biotech Co., Ltd. (Nanjing, China). Antibodies against 
caspase‑9 (cat. no.  ab2013), caspase‑3 (cat. no.  ab44976) 
and GAPDH (cat. no. ab9485) were obtained from Abcam 
(Cambridge, UK). Cleaved caspase‑3 (cat. no. 9661), Bcl‑2 
(cat. no. 2876), BAX (cat. no. 2772) and β‑actin (cat. no. 4970) 
antibodies were procured from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). Horseradish peroxidase‑conjugated 
goat anti‑rabbit immunoglobulin G (cat. no. ZB‑2301) was 
obtained from OriGene Technologies, Inc. (Beijing, China). A 
Total RNA kit was obtained from Tiangen Biotech Co., Ltd. 
(Beijing, China). A RevertAid First Strand cDNA Synthesis kit 
was obtained from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) 
was purchased fromTakara Bio, Inc. (Otsu, Japan). The total 
superoxide dismutase (T‑SOD) assay kit (cat. no. A001‑1‑1), 

glutathione peroxidase (GSH‑PX) assay kit (cat. no. A005), 
catalase (CAT) assay kit (cat. no. A007‑1‑1) and malondialde-
hyde (MDA) assay kit (cat. no. A003‑1) were purchased from 
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 

High‑performance liquid chromatography to determine 
rhein content. The content of rhein was determined using 
an L‑2000 Liquid Chromatography system (Hitachi, Ltd., 
Tokyo, Japan) equipped with an L‑2200 auto‑injection device. 
Chromatographic analysis was preformed with a reverse‑phase 
YMC‑Pack Pro C18 column (5 µm; 4.6x250 mm). The isocratic 
mobile phase comprised 0.5% aqueous acetic acid solution and 
methanol (40:60, v/v) at a flow rate of 1.0 ml/min and detection 
was performed at 435 nm using an L‑2455 UV‑VIS detector 
(Hitachi, Ltd.). Total analysis time was 15 min and analysis 
was performed at a temperature of 40˚C. The injection volume 
of rhein was 10 µl. The results revealed that the exact purity of 
rhein was 98%, which was consistent with the result provided 
by the manufacturer.

Animals. A total of 144 male specific pathogen free 
Sprague‑Dawley rats (weighing 260‑300 g, aged 8‑10 weeks 
old) were obtained from the Laboratory Animal Center 
of Ningxia Medical University (Yinchuan, China). All 
animal handling procedures were approved by the Animal 
Research Ethics Committee, School of Ningxia Medical 
University (Yinchuan, China). Animals were maintained in a 
12 h light/dark cycle at room temperature (23±2˚C) in 60% 
humidity. The animals had ad  libitum access to food and 
water. Rats were randomly divided into 6 groups (each, n=24) 
as follows: Sham, I/R, I/R + 12 mg/kg/day nimodipine (25,26), 
and I/R + 25, 50 or 100 mg/kg/day rhein (27). Nimodipine was 
used as a control, as it acts as a neuroprotectant. The sham 
and I/R groups received 0.5% sodium carboxymethyl cellu-
lose orally for 3 days following cerebral ischemic/reperfusion 
induced by MCAO, and the other groups received nimodipine 
(12 mg/kg/day) and rhein (25, 50 or 100 mg/kg/day) orally for 
3 days following cerebral ischemic/reperfusion induced by 
MCAO.

MCAO model. As previously stated, MCAO induces ischemic 
injury (28). Rats were anesthetized with 7% chloral hydrate 
(350 mg/kg) via intraperitoneal injection. The right common 
carotid artery (CCA), the external carotid artery and the internal 
carotid artery (ICA) were exposed. A nylon wire (1.8±0.5 cm) 
was advanced from the CCA into the ICA until it blocked the 
original MCA. Reperfusion was performed by withdrawing 
the nylon wire following 2 h ischemia. The sham‑operated rats 
were treated by the same surgical procedure however the nylon 
wire was not introduced. 

Determination of the NFS. NFSs were obtained from randomly 
selected mice from each group (n=8) 72  h post reperfu-
sion and they were evaluated according to the Zea Longa's 
score criteria. The deficit criteria used have been previously 
described (29). The scoring details were as follows: 0, No 
noticeable neurological deficit; 1, failed to extend opposite 
forepaw; 2, circled to the contralateral side; 3, tumbled to its 
side while walking due to hemiplegia; 4, loss of consciousness 
or mortality.
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Determination of the area of cerebral infarction. Rats were 
anesthetized by intraperitoneal injection of 7% chloral 
hydrate (350  mg/kg). Rats were decapitated and then the 
whole brain was removed. Subsequently, coronary brain slices 
(2‑mm sections) were stained using 2% TTC chloride for 30 min 
at 37˚C and then fixed in 10% formalin solution at 25˚C for 1 h 
(n=6). The infarcted area was stained white, whereas normal 
brain tissue was red. Stained cerebral slices were photographed 
using a Nikon D7100 camera (Nikon Corporation, Tokyo, 
Japan). Cerebral infarct areas were determined using micro-
scope image‑analysis software (Image Pro plus, version 6.0; 
Media Cybernetics, Rockville, MD, USA). The ratio of the 
infarcted area to the total brain area was calculated using 
the following equation: percentage of infarct volume=infarct 
volume/(infarct volume + normal volume) x100.

Hematoxylin and eosin staining. Prior to this procedure, rats 
were anesthetized by intraperitoneal injection of 7% chloral 
hydrate (350 mg/kg) and perfused transcardially with 100 ml 
of 0.9% sodium chloride, followed by 200 ml 4% parafor-
maldehyde. Rats were decapitated and then the whole brain 
was removed. Rat brains were fixed in 4% formaldehyde at 
25˚C for 2 h. Brains were soaked in distilled water for 4 h, 
dehydrated in increasing concentrations of alcohol, hyalinized 
by dimethylbenzene, embedded in paraffin and sectioned to 
a thickness of 4‑µm. Sections were adhered to glass slides 
prepared with poly‑L‑Lysine and stored at 4˚C. Following 
continual dewaxing and routine washing, paraffin‑embedded 
sections were stained with hematoxylin for 5 min, followed by 
color separation using 1% hydrochloric acid alcohol for 20 sec. 
Sections were then incubated with 1% ammonia for 30 sec, 
stained with eosin for 5 min and subsequently dehydrated using 
alcohol, hyalinized using dimethylbenzene and sealed with 
neutral gum. All the aforementioned steps were performed 
at 25˚C. A total of five non‑overlapping views of the cortex 
in each section were randomly selected and observed under a 
light microscope for cell counting at a magnification of x400. 
The degenerated cell index (number of degenerated cells/total 
cells) indicated the degree of damage.

Determination of oxidative stress indicators. Levels of SOD, 
GSH‑Px, CAT and MDA in the ischemic brain were measured 
72 h following I/R. The right cortical samples (n=6 per group) 
were weighed. The SOD, GSH‑Px and CAT activities and 
MDA level were obtained using the T‑SOD, GSH‑Px, CAT 
and MDA assay kits according to the manufacturer's protocol 
(Nanjing Jiancheng Bioengineering Institute, Co., Ltd., 
Nanjing, China). SOD, GSH‑Px and CAT activities were 
expressed as units/mg protein. The amount of lipid peroxide 
was obtained as the product of MDA. MDA concentrations 
were expressed as nmol/mg protein.

Western blot analysis. Frozen right brains were homogenized 
in cold whole cell lysis buffer (cat. no. KGP2100; Nanjing 
KeyGen Biotech Co., Ltd., Nanjing, China), sonicated twice 
on ice for 5 sec each time and centrifuged at 12,000 x g for 
5 min at 4˚C to remove cell debris. Total protein concentra-
tion in the supernatant was determined using the BCA protein 
assay kit. A total of 80 µg protein per lane was separated 
using 10%  SDS‑PAGE and transferred to polyvinylidene 

difluoride membranes. Membranes were blocked with 5% 
non‑fat dried milk for 1 h at 25˚C and subsequently incubated 
with primary antibodies against Bcl‑2 (1:500), Bax (1:500), 
caspase‑9 (1:1,000), caspase‑3 (1:1,000), cleaved caspase‑3 
(1:1,000), β‑actin (1:1,000) and GAPDH (1:2,000) overnight 
at 4˚C. Membranes were washed with PBST and subsequently 
incubated with horseradish peroxidase‑conjugated goat 
anti‑rabbit immunoglobulin G secondary antibodies (1:1,000) 
for 2 h at room temperature. Following washing, membranes 
were developed using a Chemidoc™ XRS Imaging system 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA). The signal 
intensities of the bands of interest were quantified and normal-
ized to β‑actin or GAPDH using the Image‑Pro Plus software 
version 6.0 (Media Cybernetics, Inc.).

Reverse transcription‑quantitative‑polymerase chain reaction 
analysis (RT‑qPCR). RT‑qPCR was used to assess the mRNA 
expression levels of caspase‑9 and caspase‑3 72 h following 
reperfusion. Total RNA was extracted using a total RNA kit 
according to the manufacturer's protocol. Labeled cDNA was 
prepared using the RevertAid First Strand cDNA Synthesis kit 
from the total RNA samples. For PCR amplification, a CFX96 
Real-Time system was used. cDNA was added to each reac-
tion to a final reaction volume of 25 µl containing 1X SYBR 
Premix Ex Taq II. The thermocycling conditions used were 
as follows: Initial denaturation at 95˚C for 30 sec., followed 
by 40 cycles comprising of denaturation at 95˚C for 5 sec, 
annealing at 60˚C for 30 sec, elongation at 72˚C for 30 sec and 
a final extension step at 72˚C for 5 min. β‑actin was used as 
the reference gene for the normalization of different transcript 
values and normalized mRNA levels were expressed as 2‑ΔΔCq 
(ΔΔCq=Cqtarget‑Cqβ‑actin) (30). Only one produced PCR product 
was subjected to melting curve analysis. Sequences of the 
primers used are listed in Table I.

Statistical analysis. Statistical analysis was conducted using 
SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). The results were 
presented as the mean  ±  standard deviation. Differences 
among >2 groups were assessed using one‑way analysis of 
variance followed by the least significant difference post hoc 
test. Differences between two groups were analyzed using an 
unpaired t‑test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Rhein ameliorates NFSs. NFSs were obtained using the Zea 
Longa's criteria 72 h following cerebral reperfusion. Severe 
dysfunction on each test was indicated by a high NFS score 
of 2‑3. The NFSs of the I/R group were significantly higher 
than those of the sham group (P<0.01; Table II). However, the 
NFSs were significantly decreased in the groups treated with 
50 and 100 mg/kg rhein (P<0.05 and P<0.01, respectively) and 
nimodipine (P<0.05) compared with the I/R group, thereby 
indicating that rhein treatment improves neurological function 
impaired by cerebral I/R. 

Rhein reduces the area of cerebral infarction. Infarcted cere-
bral volume was measured 72 h following cerebral reperfusion 
by TTC staining. The infarcted area (white) was primarily 
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located at the striatum and parts of the cortex frontoparietal 
lobe in the right hemisphere (Fig. 1A). The infarcted cerebral 
area of the I/R group was significantly greater than that of the 
sham group (P<0.01). By contrast, theinfarcted cerebral area 
of the nimodipine and 50 and 100 mg/kg rheingroups were 
significantly smaller than the I/R group (each P<0.05; Fig. 1B), 
thereby indicating that treatment with rhein reduces cerebral 
injury induced by cerebral I/R. 

Histological changes. Hematoxylin and eosin staining (Fig. 2) 
revealed that nerve cell arrangement was well organized, 
exhibiting a complete structure in the control group (Fig. 2A). 
However, 72  h following ischemia, in the I/R group the 
neuron arrangement became irregular with deeply colored 
and condensed nuclei, increased gaps around the nerves and 

degenerative changes, including the formation of vacuoles and 
necrosis in a number of the neurons (Fig. 2B). In addition, the 
denatured cell index (DCI) values in the I/R group were signif-
icantly higher than those of the sham group (P<0.01; Fig. 2G). 
In the nimodipine and rhein groups, nerve cell damage was 
milder compared with that of the model group and neurons 
were well arranged, with clear outlines, nuclear condensation, 
and shriveled bodies. DCI values in all the rhein groups and the 
nimodipine group were significantly decreased compared with 
the I/R group (P<0.05 or P<0.01; Fig. 2G). Deep coloration 
was observed in only a few cells and there were no significant 
differences in DCI values between the different rhein groups. 

Effect of rhein on oxidative stress indicators induced by I/R. 
The activities of the SOD, GSH‑Px and CAT enzymes were 

Figure 1. Effect of rhein on the area of cerebral infarction in I/R rats. (A)  TTC staining. (B)  Quantification of TTC staining results. Values are 
presented as the mean ± standard deviation. n=6/group. ##P<0.01 vs. the sham group; *P<0.05 and **P<0.01 vs. the I/R group. I/R, ischemic/reperfusion; 
TTC, 2,3,5‑triphenyltetrazolium chloride.
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significantly reduced in the I/R group compared with those in 
the sham group (P<0.01; Fig. 3A‑C). However, treatment with 
nimodipine and 50 and 100 mg/kg rhein, significantly increased 
the activities of SOD, GSH‑Px and CAT compared with the 
I/R group (P<0.01 or P<0.05). Treatment with 25 mg/kg rhein 
also significantly increased the activity of SOD compared 
with the I/R group (P<0.05). MDA was used as a biomarker 
for lipid peroxidation and oxidative stress. MDA content was 
significantly higher in the ischemic cortices of the I/R group 
compared with the sham group (P<0.01; Fig. 3D). However, 
following treatment with nimodipine and all doses of rhein, 
MDA content was significantly decreased compared with the 
I/R group (P<0.01 or P<0.05). 

Rhein inhibits BAX expression and enhances Bcl‑2 
expression. Western blot analysis revealed that the expression 
of Bcl‑2 was significantly reduced (P<0.05; Fig. 4A and C) 
and that BAX protein expression was significantly enhanced 
in the I/R group compared with the sham group (P<0.05; 

Fig. 4A and D). Compared with the I/R group, treatment with 
nimodipine and 100 mg/kg rhein significantly upregulated 
Bcl‑2 expression (P<0.05; Fig.  4A  and C ). Furthermore, 
treatment with nimodipine and 50 and 100  mg/kg rhein 
significantly downregulated BAX expression (P<0.05; 
Fig. 4A and D). The Bcl‑2/BAX ratio was also significantly 
increased following treatment with nimodipine and 50 or 
100 mg/kg rhein compared with the I/R group (P<0.05 or 
P<0.01; Fig. 4B). 

Rhein inhibits the expression of caspase‑9, caspase‑3 and 
cleaved caspase‑3. Western blot analysis revealed that the 
expression of caspase‑9 in the I/R group was significantly 
higher than in the sham group (P<0.05; Fig. 5). Treatment with 
50 and 100 mg/kg rhein significantly reduced the expression 
of caspase‑9 compared with the I/R group (P<0.05). In the 
I/R group, levels of caspase‑3 (P<0.01) and cleaved caspase‑3 
(P<0.05) expression were significantly higher than in the 
sham group (Fig. 6). The administration of nimodipine and 

Figure 2. Effect of rhein on nerve cell morphology and structure in the cortices of I/R rats. Hematoxylin and eosin staining in the (A) sham, (B) I/R, 
(C) nimodipine, (D) 25, (E) 50 and (F) 100 mg/kg rhein treatment groups. Arrows indicate denatured cells. Magnification, x400. (G) The denatured cell index 
for all groups. ##P<0.01 vs. the sham group; *P<0.05 and **P<0.01 vs. the I/R group. I/R, ischemic/reperfusion.
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50 and 100 mg/kg rhein significantly reduced the expression 
of caspase‑3 (P<0.05), whereas administration of nimodipine 
and all doses of rhein significantly reduced the expression of 
cleaved caspase‑3 (P<0.05).

RT‑qPCR results revealed that levels of caspases‑9 and ‑3 
mRNA expression were significantly increased in the I/R group 
compared with the sham group (P<0.05; Fig. 7). However, 
treatment with 50 and 100 mg/kg rhein significantly decreased 
levels of caspases‑9 and ‑3 mRNA (P<0.05). 

Discussion 

In the present study, the infarcted cerebral area was identified 
by TTC staining and NFS was evaluated 72 h following reper-
fusion. Treatment with rhein markedly decreased the infarcted 
cerebral area and significantly improved the NFS. These results 
indicate that rhein may protect against cerebral I/R injury. 

Figure 3. Rhein attenuates oxidative stress following I/R in rats. Effect of rhein administration on (A) SOD, (B) GSH‑Px, (C) catalase and (D) MDA expression. 
Values are presented as the mean ± standard deviation (n=6). ##P<0.01 vs. the sham group; *P<0.05 and **P<0.01 vs. the I/R group. SOD, superoxide dismutase; 
GSH‑Px, glutathione‑peroxidase; MDA, malondialdehyde; I/R, ischemic/reperfusion.

Table II. The protective effects of rhein on neurological func-
tional score in rats 72 h post reperfusion.

Group	 Neurological functional score

Sham	 0.0±0.0
I/R	 2.2±0.8a

Nimodipine	 1.0±0.7b

Rhein (25 mg/kg)	 2.0±0.9
Rhein (50 mg/kg)	 1.6±0.5b

Rhein (100 mg/kg)	 1.1±0.9c

Data are presented as the mean  ±  standard deviation. n=8/group. 
aP<0.01 vs. the sham group; bP<0.05 and cP<0.01 vs. the I/R group. 
I/R, ischemic/reperfusion.

Table I. The primers for reverse transcription‑quantitative 
polymerase chain reaction.

Gene	 Sequence (5'‑3')

Caspase‑3	 F: AAAGGATGACTGGGAGTGG
	 R: ATGACGACCTGGAACATCG
Caspase‑9	 F: TATGGCACAGATGGATGCTC
	 R: CTTTCTGCTCACCACCACAG
β‑actin	 F: CCCATCTATGAGGGTTACGC
	 R: TTTAATGTCACGCACGATTTC

F, forward; R, reverse.
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Ischemic stroke is the cumulative effect of numerous 
mechanisms including oxidative stress, excitotoxicity, intra-
cellular calcium overload, inflammation and apoptosis (31). 
Oxidative stress secondary to ROS formation and neuron 
apoptosis is crucial in stimulating the progression of ischemic 
stroke (32). Under normal physiological conditions, low levels 
of ROS exist within the brain (6). Excessive ROS are removed 
by endogenous antioxidant enzymes including SODs  (33), 
GSH‑Px and CATs (34). SOD converts superoxide anions into 
hydrogen peroxide and GSH‑Px uses GSH to reduce H2O2 to 
water (35). MDA, which is a poisonous end product of lipid 
peroxidation, is able to directly reflect the rate and extent of lipid 
peroxidation and indirectly reflects the capacity of free radical 
elimination  (36). Previous studies have demonstrated that 
increasing the SOD, CAT and GSH‑Px levels and decreasing 
MDA concentrations significantly protects against oxidative 
stress during ischemic stroke (7,9‑11). The results of the present 
study were consistent with the aforementioned previous studies. 
The protective effects of rhein in I/R injury may be associated 
with its enhancing effect on endogenous antioxidant capability, 
which mitigates oxidative stress during cerebral I/R. Therefore, 
the enhancement of the antioxidant system represents a potential 
target for novel therapies to treat patients with ischemic stroke.

Ischemic stroke results in ROS overproduction in the mito-
chondria (37) and specific ROS, including H2O2 or superoxide, 
are crucial mediators of apoptosis (38,39). Apoptosis is induced 

via extrinsic and intrinsic pathways  (40). In the intrinsic 
pathway, the loss of transmembrane potential leads to mito-
chondrial respiration failure and enhanced ROS generation, 

Figure 4. Effect of rhein on the expression of Bcl‑2 and BAX. (A) Representative western blots of Bcl‑2 and BAX expression. β‑actin was used as the loading 
control. Quantification of (B) Bcl‑2 and (C) BAX expression. (D) The Bcl‑2/BAX ratio. Values are presented as the mean ± standard deviation (n=6). #P<0.05 
and ##P<0.01 vs. the sham group; *P<0.05 and **P<0.01 vs. the I/R group. I/R, ischemic/reperfusion; Bcl‑2, B‑cell lymphoma-2; BAX, apoptosis regulator Bax.

Figure 5. Effect of rhein on caspase‑9 expression. (A) Representative western 
blots of caspase‑9 expression. GAPDH was used as the loading control. 
(B) Quantification of caspase‑9 expression. Values are presented as the 
mean ± standard deviation (n=6). #P<0.05 vs. the sham group; *P<0.05 vs. the 
I/R group. I/R, ischemic/reperfusion.
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which accelerates cytochrome c release from the mitochon-
dria (41). The release of cytochrome c via this mechanism 
may be associated with the Bcl‑2 family of proteins (40,42). 
When cytochrome  c forms a complex with apoptotic 
protease‑activating factor 1 apoptosomes are formed, which 
activate caspase‑9 and consequently activate caspase‑3 (43), 
DNA‑breaking enzymes, including endonucleases (44), and 
repair enzymes, including poly ADP‑ribose polymerase (45), 
leading to cell death. The extrinsic apoptosis pathway activates 
caspase‑8, which either activates executioner caspases, such as 
caspase‑3, or the intrinsic apoptotic pathway (46,47).

Apoptosis is caused by an imbalance between pro‑apoptotic 
and anti‑apoptotic signals. Bcl‑2 is an anti‑apoptotic protein 
that intercepts the release of cytochrome c in response to 
various apoptotic signals, thereby inhibiting apoptosis. BAX is 
a pro‑apoptotic protein that accelerates cytochrome c release 
from the mitochondria, thereby leading to cell death (48‑51). It 

has been demonstrated that the Bcl‑2/BAX ratio is decreased 
in the cerebrum of rats following I/R (52,53). The results of 
the present study illustrated that the expression of Bcl‑2 was 
significantly inhibited whereas the expression of BAX was 
significantly increased following I/R, which is consistent 
with the results of previous studies. The Bcl‑2/BAX ratio was 
significantly reduced in the cerebrum of rats following I/R; 
however the administration of 100 mg/kg rhein significantly 
reversed the decrease in Bcl‑2 expression. In addition, 50 and 
100 mg/kg rhein significantly inhibited the increase in BAX 
expression. The ratio of Bcl‑2/BAX was significantly increased 
following the administration of 50 and 100 mg/kg rhein. The 
administration of 100 mg/kg rhein was more effective than 
50 mg/kg rhein. The results indicate that rhein may prevent 
cerebral I/R injury by upregulating Bcl‑2 and downregulating 
BAX expression, thereby increasing the Bcl‑2/BAX ratio and 
inhibiting apoptosis.

Figure 6. Effect of rhein on the protein expression levels of caspase‑3 and cleaved caspase‑3. Western blot analysis of (A) caspase‑3 and (B) cleaved caspase‑3 
expression. β‑actin was used as the loading control. Quantitative data of (C) caspase‑3 and (D) cleaved caspase‑3 are given as percentages of the value in 
control rats. Values are presented as the mean ± standard deviation (n=6). #P<0.05 and ##P<0.01 vs. the sham group; *P<0.05 and **P<0.01 vs. the I/R group. 
I/R, ischemic/reperfusion.

Figure 7. Effect of rhein on the mRNA expression of caspases‑9 and ‑3. (A) Expression of caspase‑9 mRNA. (B) The expression of caspase‑3 mRNA. Values 
are presented as the mean ± standard deviation (n=6). #P<0.05 vs. the sham group; *P<0.05 vs. the I/R group. I/R, ischemic/reperfusion.
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Caspases are central regulators of apoptosis and serve 
keys roles in ischemia‑induced cytotoxicity (54). Caspases 
may be classified into two groups, initiators (caspase‑9) and 
effectors (caspase‑3), based on their function (55). Typically, 
initiator caspases activate downstream effector caspases 
through a proteolytic cascade, resulting in the cleavage of 
cellular substrates involved in apoptosis (56). Caspase‑3 may 
be activated by caspase‑9 via the mitochondria‑dependent 
cytochrome c/caspase‑9 intrinsic pathway (57). In addition, 
increased BAX expression may induce the activation of 
caspase‑9 within the mitochondria (58). Caspases‑9 and ‑3 are 
upregulated and activated in ischemic brain tissues (59) and 
pharmacological or genetic inhibition of caspase‑3 reduces 
neuronal death in the ischemic brain (60). The present study 
demonstrated that oral rhein administration maintains low 
caspase‑9 levels. Rhein at doses of 50 and 100 mg/kg signifi-
cantly inhibited caspase‑9 expression. Caspase‑3 expression in 
the I/R group was significantly higher than in the sham group; 
however, administration with 100 mg/kg rhein significantly 
inhibited its expression. Cleaved caspase‑3 is a key executioner 
of apoptosis. The results of the present study revealed that 
cleaved caspase‑3 expression in the I/R group was significantly 
higher than that of the sham group, which was consistent with 
the results obtained by Wang et al (61). However, administra-
tion of 50 and 100 mg/kg rhein significantly inhibited the 
expression of cleaved caspase‑3. 

In conclusion, the present study demonstrated that treat-
ment with rhein markedly reduces the area of brain infarction 
and reduces neuronal apoptosis in a rat model of I/R injury. 
The protective effects of rhein were mediated through the 
augmentation of endogenous antioxidant defenses and the 
inhibition of the oxidative stress pathway in the ischemic rat 
brain. In addition, rhein exhibited anti‑apoptotic effects. These 
results suggest that rhein may be beneficial in the treatment 
of ischemic stroke. However, further studies are required to 
confirm these results prior to its use in humans.
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