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Abstract: This work evaluated the protective effects of betulinic acid (BA) in vitro cerebral
ischemia/reperfusion and provides clues about its pharmacological mechanism. A rat model
of middle cerebral artery occlusion (MCAO) was established to investigate the effects of BA on
cerebral ischemia. SHSY5Y cell injury was induced by oxygen–glucose deprivation and recovery
(OGD/R) to further verify the action of BA in vitro. Our data show a significant improvement in infarct
size, neurological score, and cerebral edema after BA treatment. Enzyme linked immunosorbent assay
(ELISA) data show that BA inhibited interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis
factor-α (TNF-α) in vivo and in vitro. Protein expression results show that BA down-regulated
hypoxia-inducible factor-1α (HIF-1α), up-regulated adenosine monophosphate activated protein
kinase (AMPK), peroxisome proliferative activated receptor (PPAR)-α, and PPAR-γ coactivator-1α
(PGC-1α), and blocked phosphorylation of IκBα and nuclear factor kappa Bp65 (NF-κB-p65) in the
brains of MCAO rats and OGD/R-stimulated SHSY5Y cells. The results reveal the potent effects of BA
on cerebral ischemia, suggesting that HIF-1α might be a crucial therapeutic target to regulate energy
metabolism and inflammation.
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1. Introduction

The pathological background for stroke may either be ischemic or hemorrhagic disturbances of
the cerebral blood circulation. In Caucasian populations and Asia countries approximately 60–80%
of all strokes are ischemic. There are limited data sources on type of stroke from other parts of the
world because of small sample sizes and being hospital-based [1,2]. The pathological mechanism
of cell and tissue damage caused by cerebral ischemia is complex, involving energy depletion,
calcium overload, production of inflammatory mediators, oxidative stress, and other pathogenic
factors [3,4]. Cerebral ischemia could trigger a series of inflammatory responses; however, the energy
metabolism pathway and related key enzymes, such as adenosine monophosphate-activated
protein kinase (AMPK), perixisome proliferation-activated receptor alpha (PPARα), and peroxisome
proliferator-activated receptor γcoactivator-1 alpha (PGC-1α), among others, have protective effects
against damage caused by ischemia/reperfusion [5]. An increase in hypoxia inducible factor-1α
(HIF-1α) was found to be closely related to ischemic neuron damage [6]. The relationship between
hypoxia-inducible factor-1α (HIF-1α) expression and energy metabolism or inflammatory responses has
not yet been clarified, and the regulation of HIF-1α expression is a potential question of neuroprotection
research. Middle cerebral artery occlusion (MCAO) is an acknowledged animal stroke model of
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cerebral ischemia and can be also use to assess drug neuroprotection in vivo. Compared with other
animal models, the MCAO model in rats has the advantages of a consistent location and range
of cerebral infarction, good repeatability, and accurate simulation of pathogenesis in humans [7].
Additionally, a simple and effective oxygen glucose deprivation/reoxygenation (OGD/R) neural cells
known as ischemia model in vitro can be successfully applied to simulate cerebral ischemia model
in vivo.

Betulinic acid (BA) is a pentacyclic triterpenoid derived chemically from botulin that exerts
biological actions, including anti-viral, anti-malarial, anti-microbial, and anti-cancer properties [8,9].
BA was found to exhibit protective effects on cardiovascular and renal ischemia/reperfusion
damage [10,11]. However, the protection of BA against cerebral ischemia still remains unclear.
In the present study, the protective action of BA on cerebral ischemia/reperfusion was investigated
in order to elucidate its signal pathways. Clopidogrel, a platelet aggregation inhibitor, functions via
inhibiting platelets and is widely acknowledged as a beneficial treatment in shock [12,13]. Based on these
properties, we employed clopidogrel as comparative drug to obtain a comprehensive understanding
of BA.

2. Materials and Methods

2.1. Reagent

Betulinic acid (BA) and clopidogrel were obtained from Nanjing Jiancheng Biological Technology
Co., Ltd. (China). The structure of BA is shown in Figure 1. Interleukin-1 beta (IL-1β), IL-6, and tumor
necrosis factor-alpha (TNF-α) enzyme-linked immunosorbent assay (ELISA) kits were provided by
Shanghai Excel Biological Technology Co., Ltd. (Shanghai, China). All antibodies were provided
by Cell Signaling Technology (Danvers, MA, USA). Other reagents were purchased from Beyotime
Biological Technology Co., Ltd. (Shanghai, China).
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Figure 1. The chemical structure of betulinic acid (BA).

2.2. Animals

Male Sprague–Dawley rats weighing 220 ± 20 g were purchased from the Shanghai laboratory
animal center (Shanghai, China). All animals were kept under the same laboratory temperature
(25 ± 2 ◦C) and lighting (12:12 h light/dark cycle) and were given free access to standard laboratory
rations and tap water. All rats were allowed to acclimatize for seven days before experimentation.
All studies were carried out in accordance with the guidelines of the Animal Care Council of the China
Pharmaceutical University (201902003).



Appl. Sci. 2020, 10, 2578 3 of 13

2.3. Middle Cerebral Artery Occlusion (MCAO)

The animals were randomly divided into the sham group, the MCAO group, the clopidogrel
group (7.5 mg/kg), and the BA treatment (25, 50 mg/kg) group (n = 12 per group). The animals were
given clopidogrel or BA dissolved in 0.5% sodium carboxyl methyl cellulose (CMC-Na) intragastrically
once a day for one week prior to the ischemia induction.

On the seventh days, 2 h after the last drug treatments, the Sprague–Dawley rats were anesthetized
by an intraperitoneal injection of 10% chloral hydrate (3.5 mL/kg) and subjected to a protocol of MCAO.
Briefly, the internal carotid artery (ICA), right common carotid artery, and external carotid artery (ECA)
of individual rats were surgically exposed. A monofilament nylon suture with silicon coated tip (Beijing
Sunbio Biotech, Beijing, China) was inserted into the ICA through the ECA stump and gently advancing
to the middle cerebral artery (MCA) to occlude the origin of MCA. After 2 h occlusion, reperfusion was
induced by removal of the filament and then the skin was sutured. Simultaneously, the control animals
received a sham surgery. The core body temperature of each rat was maintained at 37 ± 0.5 ◦C
during the whole experiment with a thermostatically controlled infrared lamp. Sham-operated rats
received the same surgical exposure procedures without occlusion of MCA. Finally, after 24 h occlusion
(after 22 h reperfusion), the serum and brain were sampled, and then the protective effect of BA on
ischemic/reperfusion injury was evaluated by different indexes.

2.4. Neurological Scores

Neurologic scores were determined at 24 h after the ischemia/reperfusion injury according to
the following score system: No observable deficit = 0; forelimb flexion = 1; decreased resistance to
contralateral push without circling = 2; reclination to the contralateral side = 3; and no spontaneous
motor activity = 4.

2.5. Measurement of Brain Infarction and Cerebral Edema

After behavioral evaluation, blood was obtained by puncture of retinal venous. Animals were
sacrificed by cervical dislocation and brain samples were obtained, kept on ice, and cut into 2-mm
slices. The slices were incubated in a 2% 2,3,5-triphenyltetrazolium chloride (TTC) working solution
at 37 ◦C for 30 min. The undamaged areas were indicated by a red color, and the infracted areas
appeared white.

The whole brain were rapidly excised, and the wet weights were immediately recorded.
Subsequently, the samples were dried at for 48 h at 60 ◦C to remove any moisture and determine the
dry weight.

2.6. Oxygen–Glucose Deprivation and Recovery (OGD/R)

Human neuroblastoma SHSY5Y cells were obtained from China Pharmaceutical University.
The cells were cultured in Dulbecco’s Modified Eagle’s medium/F12 (Gibco, Waltham, MA, USA)
supplemented with 10% bovine serum, 100 IU/mL penicillin, and 100 IU/mL streptomycin in 5%
CO2 at 37 ◦C. Cells were seeded in 96-well plates at 5 × 104 cells/mL in 100 µL culture medium for
24 h prior to administration of the OGD/R model. The cells were incubated with BA at multiple
concentrations (10, 20, 40, 80, 160, or 320 µM) and dissolved in bovine serum for 1 h. The cells
were then transferred to an anaerobic chamber supplemented with 1% O2, 5% CO2, and 94% N2

for 4 h under glucose deprivation. After OGD/R challenge, cell viability was assayed using an
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT, Sigma, St.Louis, MO, USA).

2.7. MTT Assay

After re-oxygenation, the SHSY5Y cells in well were added to10 µL of MTT working solution
(5 mg/mL/100 µL of medium) followed by incubation at 37 ◦C for 1 h. After the culture medium
was removed, 150 µL of dimethyl sulfoxide (DMSO) was added to dissolve the formazan crystals.
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The absorbance was measured at 490 nm and the data were presented as the percentage of the control
group MTT assay, according to the manufacturer’s instructions.

2.8. Biochemical Assay

The concentrations of IL-6, IL-1β, and TNF-α in supernatant and serum were assayed using ELISA
kits. All test protocols were in strict accordance with the instructions of the ELISA kit manufacturers.

2.9. Immunohistochemistry Staining

For immunohistochemical staining, the brain tissues were stored in 4% paraformaldehyde for over
24 h at 4 ◦C. Coronal sections (5 µm thick) at the level of penumbral cortex were dewaxed and presented
for immunohistochemical staining. The sections were then washed in xylene and hydrated in different
concentrations of alcohol. The sections were collected and placed in 3% H2O2 in methanol at room
temperature for 15 min to eliminate the endogenous peroxidase property, and then submerged in citrate
buffer (0.01M, pH 6.0) at 95 ◦C for 20 min. The sections were washed with PBS for several times and
pre-incubated in 1% bovine serum albumin for 45 min at room temperature. The sections were incubated
with the primary antibody against HIF-1α (1 mg/mL) at 4 ◦C for overnight. Thereafter, the sections were
incubated with polymer enhancer for 20 min and further reactivated with enzyme-labeled for 30 min
anti-rabbit/mouse polymer. The sections were treated with 3,4-diaminobenzidine (Vector Laboratories
Ltd. Peterborough, UK) and visualized under light microscope (Olympus BX50, Shinjuku City, Japan)
in a blinded manner. The numbers of positive cells in different groups were obtained by counting the
cells in six randomly selected microscopic fields, respectively. The percentage of positive cells in each
field was calculated and an average percentage in all six fields was obtained.

2.10. Western Blotting

The brain samples and SH-SY5Y cells collected from each group were taken to detect the protein
expressions in vivo or in vitro. First of all, the brain samples and SH-SY5Y cells were lysed in
a radio immunoprecipitation assay (RIPA) buffer (Sigma, St.Louis, MO, USA). After centrifugation at
12,000 rpm for 10 min, the supernatants were harvested for the protein concentration measurement
using a bicinchoninic acid assay. Aliquots of protein (40 µg/lane) were separated sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride
membranes (Millipore Corporation, Boston, MA, USA). The membranes were blocked for 2 h in 5%
nonfat dry milk-TBS-0.1% Tween 20. 2 h later, the blots were incubated with primary antibodies against
HIF-1α (1 mg/mL), AMPK (1 mg/mL), PPARα (0.5 mg/mL), PGC-1α (1 mg/mL), IκBα (1 mg/mL),
P-IκBα (1 mg/mL), NF-kBP65 (1 mg/mL), and P-NF-kBP65 (1 mg/mL) at 4 ◦C overnight followed
by a 2 h incubation with a horseradish peroxidase-conjugated secondary anti-rabbit antibody at
room temperature. The relative optical densities of specific proteins were visualized by an enhanced
chemiluminescence (ECL) solution using Image Lab analysis program (Bio-Rad, USA).

2.11. Statistical Analysis

Data were expressed as means ±standard deviations. Data analyses were performed by one-way
ANOVA with Tukey multiple comparison test.

3. Results

3.1. Effects of BA on Ischemia/Reperfusion Injury In Vivo

The protection of BA in the MCAO model was assessed using TTC staining, neurological
behavior, and edema assays. Neurologic behavior evaluations were performed using a four-point
scale. The successful ischemia/reperfusion model was confirmed by the infarct size, as observed
via TTC staining. The infarct areas (white areas) in the model group were significantly increased,
but the cerebral infarct areas were markedly decreased after treatment with BA and clopidogrel,
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suggesting that BA suppressed the cerebral infarction (Figure 2A). No observable neurological scores
were present in the sham group (Figure 2B). The ischemia/reperfusion rats showed significant increases
in neurologic score when compared to sham rats, which were partial reversed upon clopidogrel or BA
treatment. Behavioral investigations indicated that BA intervention improved neurological function
in successful ischemia/reperfusion models. Similar to the infarct, cerebral edema data showed that
the average ratio of wet/dry weight after MCAO challenge was comparatively elevated. By contrast,
the cerebral edema of the BA and clopidogrel groups significantly declined compared with the model
group (Figure 2C). The beneficial effects of BA on MCAO-induced ischemia/reperfusion injury were
observed under TTC staining, neurological behavior evaluations, and edema assays in vivo.
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Figure 2. The protection of BA against cerebral infarction (A), neurological score (B), and edema
(C) compared with sham rats (### p < 0.001) and compared with I/R group (* p < 0.05 and ** p < 0.01).
The Arabic number in brackets represent the numbers of animals in each group.

3.2. Effects of BA on Pro-inflammatory Cytokine

The inflammatory responses were examined by determining the values of IL-6, IL-1β, and TNF-α
in rats and in SHSY5Y cell. In vivo, the results showed that MCAO surgery markedly increased
IL-1β, IL-6, and TNF-α concentration in serum and brain of the treated rats compared to the sham
rats. However, L-1β, IL-6, and TNF-α levels were reduced in MCAO rats after BA and clopidogrel
treatment (Figure 3).
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To investigate BA activity on the cell experiments, SHSY5Y cell was selected and cell viability
was examined using MTT assays (Figure 4). Upon OGD/R induction, SHSY5Y cell proliferation was
considerably reduced. Intervention with BA (5, 10, 20, and 40 µM) presented effective cell viability
improvement under OGD/R (Figure 4). Intervention with BA (80, 160 and 320 µM) showed same
viability as 10 µM, lower than that with BA at 20 uM and 40 uM. This may be due to BA’s cytotoxicity
at high concentration (80, 160, and 320 µM).
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After confirmation that the BA protection was associated with an anti-inflammatory response in
rats, we investigated its effect on the OGD/R model (using concentrations of 10, 20, or 40 µM of BA)
in vitro. Attenuated action of BA (10, 20, or 40 µM) was observed from the pro-inflammatory cytokine
levels of the SHSY5Y cell that were exposed to OGD/R stimulation, which coincided with the altered
pro-inflammatory cytokine production levels observed in rats (Figure 5).
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3.3. Effects of BA on HIF-1α Signaling

To explain the internal mechanism, the influence of HIF-1α/AMPK/PPARα/PGC- 1α/NF-κB
signaling factors was closely monitored. In Figure 6, ischemia/reperfusion stimulation triggered the
up-regulation of HIF-1α, which was confirmed by immunohistochemistry staining. Down-regulation
of AMPK, PPAR-α, and PGC-1α and phosphorylation of IκBα, and NF-κBp65 were also observed
in ischemia/reperfusion-induced rats (Figure 7). Similar changes appeared in vitro after OGD/R
challenge (Figure 8), however, clopidogrel and BA reversed the up-regulation of HIF-1α and the
down-regulation of AMPK, PPAR-α, and PGC-1α, and blocked the phosphorylation of IκBα and
NF-κBp65 in the brain. The addition of BA also significantly inhibited the OGD/R-induced changes
of the HIF-1α/AMPK/PPARα/PGC-1α/NF-κB signaling pathway according to a similar pattern as
that seen in the animal results. These data suggested that the HIF-1α/AMPK/PPARα/PGC-1α/NF-κB
signaling factors mediated inflammation, which may have been due to the beneficial actions of BA.
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Figure 7. The influence of BA on HIF-1α, adenosine monophosphate-activated protein kinase
(AMPK), perixisome proliferation-activated receptor alpha (PPAR-α), peroxisome proliferator-activated
receptor γcoactivator-1 alpha (PGC-1α), IκBα and NF-κBp65 in brain tissues compared with sham
rats (### p < 0.001), compared with I/R group (*** p < 0.001) and compared with clopidogrel group
(@ p < 0.05 and @@@ p < 0.001). The Arabic number in brackets represent the numbers of animals in
each group.
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OGD/R cells (** p < 0.01 and *** p < 0.001).

4. Discussion

Globally, stroke is a leading cause of mortality and disability and there are substantial economic
costs for post-stroke care. Results from the 2015 iteration of the Global Burden of Diseases, Injuries, and
Risk Factors Study (GBD) showed that although the age-standardised death rates and prevalence of
stroke have decreased over time, the overall burden of stroke has remained high. The results provided
here are the most up-to-date estimates of death, prevalence, incidence, and disability for overall stroke
and the pathological types of ischaemic and haemorrhagic stroke [14,15].

As a serious and complex pathological process, ischemia injury involves ion imbalance,
peroxidation stress, neuroexcitotoxicity, and inflammatory activation. These cascading waterfall effects
eventually lead to necrosis and apoptosis of nerve cells and the irreversible loss of nerve function [16,17].
At present, the only effective treatment for cerebral ischemia in the medical community is thrombolysis.
However, the window of time in which thrombolytic drugs can be used effectively limits their clinical
applications [18]. Therefore, finding effective and reliable neuroprotective agents for stroke treatment is
urgent. Clopidogrel, a platelet aggregation inhibitor, was reported to work as a stroke preventative drug
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in vivo by slowing platelet aggregation [19]. The present study examined infarct size, cerebral edema,
neurological behavior, and inflammatory cytokine levels of MCAO rats and OGD/R-induced SHSY5Y
cells after BA intervention. Additionally, expression of the HIF-1α/AMPK/PPARα/PGC-1α/NF-κB
pathway was measured in animals and cells.

Ischemia/reperfusion leads to cell inflammation caused by infiltration of immune cells [20].
Similarly, the acute stress response induced by inflammation may have a damaging effect on nerve
cells [21]. The expression of inflammatory factors is mediated by activated NF-κB, which is a key
inflammatory regulator. After NF-κB activation, inflammatory transcription factors migrate to the
nucleus of a cell, promote pro-inflammatory gene transcription and enhance the inflammatory
response [22]. The over-expression of PPAR and the PPAR activator rosiglitazone play important
anti-inflammatory roles by inhibiting the NF-κB signal pathway [23]. PPAR-γ coactivator-1α (PGC-1α)
can also reduce the inflammatory effect by interfering with NF-κB [24,25].

HIF-1, a basic helix–loop–helix transcription factor, consists of two subunits, namely, HIF-1α
and HIF-1β. Generally, HIF-1α is a nuclear protein with transcriptional activity with a wide range of
target gene profiles, including nearly 100 target genes related to hypoxia adaptation, inflammatory
development, and tumor growth [26]. In hypoxic conditions, HIF-1α degradation is inhibited,
thereby increasing HIF-1α levels [27].

Ischemic stroke was previously thought to result from hypoxia, which is associated with
a decreased energy supply. The decreased adenosine triphosphate concentration, leading to
a diminished energy supply, contributes to neuronal damage in cerebral ischemic injury [28].
AMPK controls the whole process of energy metabolism in tissues and cells; animals deficient in
AMPK show accelerated energy failure and increased infarct sizes. When AMPK is activated, it rapidly
phosphorylates downstream targets, blocks the ATP consumption pathway, and promotes activation
of the ATP synthesis pathway [29,30].

The association between HIF-1α and AMPK is realized via sirtuin1 (SIRT1), which combines
HIF-1α and blocks the binding of p300 with HIF-1α [31]. Therefore, stimulated SIRT1 activity eventually
inhibits HIF-1α-induced transcriptional activation during ischemia and hypoxia. On the other hand,
SIRT1 was reported to dissociate from the DBC1 protein and be activated by AMPK, indicating that
AMPK is a main activator of SIRT1 and can therefore inhibit HIF-1α [31,32].

PPARα and PGC-1α are activated directly by AMPK. PPARα increases protein expression of
downstream events and consequently leads to NF-κB inhibition [33]. PGC-1 α is a transcription
coactivator of PPAR, which regulates cytokine production and expression of adhesion molecules to
reduce inflammation [34]. The AMPK/PPARα/PGC-1α signaling pathway was previously confirmed
in hypoxia/re-oxygenation injury, with NF-κB being a key mediator of inflammation in the pathological
mechanism control of many diseases and injuries. NF-κBp65 is activated by the phosphorylation of
IκBα, which acts as an inhibitor of NF-κB-p65 [35]. In the present study, we found that BA decreased
HIF-1α, p-IκBα, and p-NF-κB-p65 expression and increased the levels of AMPK, PPAR-α, and PGC-1α
in the brains of MCAO rats and OGD/R cells.

Betulinic acid has a wide range of pharmacological activities, including anti-tumor, anti-HIV,
and anti-inflammatory properties [36]. Betulinic acid was originally reported to possess specific
cytotoxicity and biological activities toward many cancer cells, with its mechanism of action involving
directly acting on mitochondria and inducing tumor cell apoptosis [37]. In previous studies, BA was
proven to protect kidneys and the heart from ischemia/reperfusion injuries. BA inhibits the activation of
inflammation and regulates the expression of TNF-α and other inflammatory factors from myocardial
and renal ischemia/reperfusion injury [10,11]. In addition, BA exhibits mild anti-inflammatory effects,
thereby inhibiting the inflammation of mice induced with carrageenan, phorbol, and bryostatin-1,
but showing no inhibitory effect toward arachidonic acid-induced inflammation and neurogenic
inflammation models [38,39]. Isoflurane-induced brain neuron injuries in rats were shown to
be improved by BA in that oxygen electrodes and ultraviolet spectrophotometer demonstrated
that mitochondrial respiratory levels and intracellular ATP contents improved after treatment [40].
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This suggested that BA has effects on mitochondrial stability, energy metabolic homeostasis, and
neuronal apoptosis.

In conclusion, the benefits of BA included relieving ischemia/reperfusion injury through
HIF-1α/AMPK/PPARα/PGC-1α/NF-κB-mediated inflammation.
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