
Summary. Our work aims to investigate the functions of 
a natural compound, Albiflorin (AF) in cerebral 
ischemia-reperfusion (IR) injury. The cerebral IR models 
were established by OGD/R in PC12 cells and 
MCAO/IR in rats. The cells in a glucose-free medium 
were placed in an anaerobic chamber containing 95% N2 
and 5% CO2 for 3h at 37°C, returned to a normal 
medium, and incubated for 24h to accomplish OGD/R. 
Focal cerebral ischemia was conducted by thread 
occlusion of the right middle cerebral artery for 2h 
followed by 24h reperfusion in rats. CCK-8 assay 
indicated that AF had no toxicity to PC12 cells. Flow 
cytometry, Western blot, or TUNEL showed that AF 
treatment reduced apoptosis of cells or rat brain tissues. 
qRT-PCR and ELISA showed that AF decreased IL-1β, 
IL-6, and TNF-α levels in vitro and in vivo. Elevated 
levels of MDA, SOD, and ROS induced by IR injury 
were mitigated by AF in vitro and in vivo. HE and TTC 
staining revealed that AF ameliorated pathological injury 
in MCAO/IR rats. Western blot showed that Nrf2, 
NQO1, and HO-1 expression was activated by AF, and 
ML385 treatment suppressed the inhibition effects of AF 
in cerebral IR injury models. Overall, AF alleviates 
cerebral IR injury via regulating the Nrf2/HO-1 pathway. 
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Introduction 
 
      Ischemic cerebrovascular disease can bring about 
neurological dysfunction of varying degrees and is 
considered a serious threat to the public due to the high 
morbidity, disability rate, and mortality rate (Cai et al., 
2021). Cerebral ischemia-reperfusion (IR) injury refers 

to the sudden resumption of blood supply to the brain 
after permanent or transient ischemia (Block et al., 
2020). However, the brain function is not only failed to 
recover after reperfusion, but more severe neuronal 
dysfunction will also occur Therefore, reducing cerebral 
IR injury is the key problem to be solved urgently in the 
treatment of ischemic cerebrovascular disease.  
      Cerebral IR injury involves various patho-
physiological processes, such as oxidative stress, 
neuronal apoptosis, and inflammatory response (Naderi 
et al., 2020). Activation of inflammatory cells and 
elevated production of proinflammatory factors, 
accompanied by oxidative stress and free radical 
production, lead to neuronal apoptosis, axonal 
degeneration, synaptic plasticity, and transmission 
disorders (Bramlett and Dietrich, 2004). Evidence 
showed that inflammatory cytokines overexpression and 
inflammatory cell infiltration occurred after cerebral IR, 
leading to a series of inflammatory responses (Wu et al., 
2020). Oxidative stress is involved in inflammatory 
responses and neuronal apoptosis and is also a 
consequence of cerebral IR damage, which in turn 
exacerbates injury (Ikeda et al., 2013). Nuclear factor-
E2-related factor 2 (Nrf2) is an endogenous factor in 
brain tissues and a transcription factor of the leucine 
zipper family, it exerts a vital role in alleviating 
oxidative stress and inflammatory response (Wang et al., 
2011). In recent years, Nrf2 activation has been shown to 
alleviate oxidative damage caused by cerebral IR, and 
enzyme heme oxygenase 1 (HO-1) deficient mice 
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showed more serious brain damage (Ginet et al., 2009). 
Therefore, the Nrf2/HO-1 pathway might be regarded as 
an underlying target for neuroprotective treatment of 
cerebral IR injury. 
      Paeonia Alba Radix is the dried root of P. lactiflora 
Pallas or P. veitchii Lynch. It has sorts of medicinal 
properties, including blood circulation and pain relief, 
and has been widely used for hundreds of years in 
traditional Chinese prescription (Ma et al., 2015; Zhu et 
al., 2015). Albiflorin (AF) is the main glycoside 
component in P. alba Radix. In clinical reports and 
preclinical studies, AF has been identified to have 
effective anti-inflammatory and anti-depressant activities 
(Song et al., 2015). Also, AF has been demonstrated to 
display apparent analgetic effects on neuropathic pain 
rats induced by peripheral nerve injury (Zhou et al., 
2016). Moreover, studies have shown that AF exerted 
antioxidant effects (Ma et al., 2015). However, as far as 
we know, no research has examined the effect and 
mechanism of AF in cerebral IR injury. Based on the 
above evidence, we speculated that AF probably plays a 
role in alleviating cerebral IR injury and neuro-
protection. 
      Therefore, this work examined the protective effect 
and underlying mechanism of AF in cerebral IR injury 
using PC12 cells and a rat model. We first found that AF 
alleviates cerebral IR injury in vitro and in vivo via 
activating Nrf2/HO-1 pathway. The present work 
provided a novel theoretical basis for further prevention 
and treatment of cerebral IR injury. 
  
Materials and methods 
 
Cell treatment 
 
      The PC12 cell line was commercially purchased 
from ATCC (USA) and cultured in Dulbecco’s Modified 
Eagle Medium (DMEM, Thermo Fisher, USA) 
comprising 10% fetal bovine serum (Gibco, USA). Cells 
were cultivated in an incubator under 5% CO2 and 37°C 
conditions. Before oxygen-glucose deprivation/ 
reoxygenation (OGD/R) treatment, the medium was 
replaced by glucose-free DMEM. Cells were placed in 
an anaerobic chamber full of 95% N2 and 5% CO2 (v/v). 
Then, a normal medium was used to replace a glucose-
free medium for 2 h to accomplish OGD/R stimulation. 
At last, the cells were put back into the incubator for 
further incubation for 24h. Cells cultured in a normal 
medium and under normoxic conditions served as 
control. 
 
Cell viability assay 
 
      The PC12 cell viability was tested by cell counting 
kit-8 (CCK-8, Beyotime, China) assay. Cells were grown 
in 96-well plates (approximately 5000 cells in each 
well). CCK-8 reagent of 10 μL was supplied to each well 
and maintained for 1h at 37°C. Then, the results were 
read by a Microplate Reader (Bio-Rad, CA) at the 

absorbance of 450 nm. 
 
Cell apoptosis assays 
 
      Annexin V-FITC/PI Detection Kit (Sangon Biotech, 
China) was used to detect cell apoptosis. Cells were 
seeded in 6-well plates (approximately 5x105 cells per 
well). After stimulation, cells were washed using pre-
cold phosphate buffer solution (PBS) 2 times and 
resuspended in 1xBinding buffer. Annexin V of 5 μL and 
PI of 5 μL were supplied to the suspension and incubated 
at 25°C in dark for 30 min. Flow cytometry (Beckman 
Coulter, USA) was used to detect apoptotic and necrotic 
cells. Data analysis was done using FlowJo software 
(Tree Star Inc., USA). 
      The apoptosis of rat brain tissues was measured by 
terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labeling (TUNEL, Roche, Sweitzerland) assay. 
Following the protocol, TUNEL staining was applied in 
frozen brain slices with 10 μm-thickness. Six rats in each 
group were randomly selected, and individual TUNEL 
positive cells were counted in the ischemic penumbra 
with a 1 mm2 consecutive area. An observer, who was 
not informed of the study design, calculated the number 
of apoptotic cells per area in 20 consecutive visual fields 
in 4 sections of each rat. The average number of 
apoptotic cells in each visual field was calculated for 
each rat. 
 
Enzyme-linked immunosorbent assay (ELISA) 
 
      The concentrations of interleukin-1β (IL-1β), 
interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-
α) in PC12 cells or rat brain tissues were tested by using 
the relevant ELISA kits (Abcam, China) following the 
corresponding protocol. The results were read by a 
Microplate Reader at 450 nm wavelength. 
 
Oxidative stress detection 
 
      The level of intracellular reactive oxygen species 
(ROS) was detected using a fluorescence probe 2, 7-
dichlorofluorescein diacetate kit (DCFH-DA, Sigma, 
China). In brief, cells seeded in 96-well plates were 
washed with PBS 3 times and incubated in DCFH-DA 
with the concentration of 10 mM at 37°C in dark for 30 
min. After another three-time wash with PBS, the 
fluorescence images were acquired using a fluorescence 
microscope (Inova Diagnostics, USA) with 485 nm 
excitation wavelength and 520 nm emission wavelength. 
      The levels of (reactive oxygen) ROS, malon-
dialdehyde (MDA), and superoxide dismutase (SOD) in 
PC12 cells and rat brain tissues were tested by relevant 
commercial assay kits (Abcam, China). In short, the 
cells or tissues were cracked and centrifuged at 12,000 g 
for 5 min at 4°C. The supernatant was collected and 
supplied with a working solution. After incubating for 
30 min, the concentrations were acquired from a 
Microplate Reader at the absorbance of 450 nm. 
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Quantitative Real-Time PCR (qRT-PCR) 
 
      Total RNAs were isolated by using Trizol reagent 
(Thermo Fisher, USA) from PC12 cells. Primer Script 
RT reagent kit (Takara, Japan) was used to reversely 
transcribe RNA into cDNA. The mRNA expression of 
IL-1β, IL-6, and TNF-α was determined by an SYBR-
Green qRT-PCR assay kit (Takara, Japan). GAPDH was 
used as a standardized control. The primers used in  
this part are as follows: IL-1β, forward: 5’-
GAAATGCCACCTTTTGACAGTG-3’ and reverse: 5’-
TGGATGCTCTCATCAGGACAG-3’; IL-6, forward: 
5’-TCCAGTTGCCTTCTTGGGAC-3’ and reverse: 5’-
AGACAGGTCTGTTGGGAGTG-3’; TNF-α, forward: 
5’-AGCCGATGGGTTGTACCTTG-3’ and reverse: 5’-
ATAGCAAATCGGCTGACGGT-3’; GAPDH, forward: 
5’-CACATGGCCTCCAAGGAGTAA-3’ and reverse: 
5’-TGAGGGTCTCTCTCTTCCTCTTGT-3’. Three 
replicates were set for each group to calculate the mean 
value of each experiment. Data were analyzed using  
2-△△Ct method. 
 
Western blot 
 
      The Western blot was performed using hippocampal 
tissues from rat brains. the hippocampal samples were 
acquired from ischemic hemisphere portion and 
homogenized in RIPA lysis buffer (Beyotime, China). 
Cell proteins were prepared by using RIPA buffer 
containing protease inhibitors (Roche, Switzerland). The 
protein concentration was quantified by BCA Protein 
Assay Kit (Beyotime, China). The denatured protein of 
20 µg was loaded, electrophoresed, and transferred to 
polyvinylidene fluoride (PVDF, Millipore, USA) 
membranes. Membranes were blocked with 5% milk at 
room temperature for 2 h and probed with primary 
antibodies (Cell signaling Technology, USA) overnight 
at 4°C. The primary antibodies were as follows: anti-
cleaved caspase-3 (#9662, 1:1000), anti-Bax (#5023, 
1:1000), anti-bcl-2 (#4223, 1:1000), anti-Nrf-2 (#12721, 
1:1000), anti-Lamin B1 (#17416, 1:1000), anti-HO-1 
(#86806, 1:1000), anti-NQO1 (#3187, 1:1000), and anti-
β-actin (#4970, 1:2000). Next, the membranes were 
incubated with corresponding HRP-conjugated 
secondary antibodies (1:5000, Sigma, China) for 1.5 h at 
indoor temperature. The results were visualized by using 
an ECL reagent (Beyotime, China) to develop signals. 
 
Middle cerebral artery occlusion/ischemic reperfusion 
(MCAO/IR) 
 
      The male Sprague Dawley (SD) rats (8 weeks; 280-
320 g; Shanghai Alac Laboratory Animal Co., Ltd., 
China; 12 h light/dark cycle; total of 78) were subject to 
MCAO/IR operations as described in the previous study 
(Wang et al., 2021). In brief (Diagram 1), The rats (total 
of 24) used for testing AF toxicity in vivo were randomly 
divided into Sham group (n=12) and Sham+10 mg 
Albiflorin (AF) group (n=12). Six of the rats in each 

group were used for neurological scores and pathology 
examination, and the other six were assessed for 
detecting brain water content. The rats (total of 54) used 
for detecting the role and mechanism of AF in vivo were 
randomly divided into Sham group (n=18), MCAO/IR 
group (n=18), and MCAO/IR+10 mg/kg AF group 
(n=18). Of the rats in each group, six were used for TTC 
staining and infarct volume, six for brain water content, 
and the remaining six for neurological scores, 
pathological examination, and other tests. We also 
selected the number of experimental rats by referring to 
previous studies (Guo et al., 2019; Zhang et al., 2021). 
AF (C23H28O11) extracted from Paeonia lactiflora was 
purchased from Wuhan ChemFaces Biochemical Co., 
Ltd (China). Each rat from MCAO/IR group and 
MCAO/IR+10 mg/kg AF group were anesthetized with 
isoflurane solution (3% initially and 1-1.5% 
maintenance) in N2O and O2 (3:1) condition and fixed 
on a plate. The neck was shaved, and a midline incision 
was performed to separate the fascia, exposing the 
common carotid artery (CCA), internal carotid artery 
(ICA), and external carotid artery (ECA). A nylon suture 
with a heat-passivated end was inserted from CCA into 
ICA and delivered to the origin of ECA until it blocked 
the middle cerebral artery (MCA) origin. As a result, 
blood flow to the right MCA was occluded. After 2h 
occlusion, the suture was removed carefully from the 
vessel and reperfused for 24h. AF was dissolved in 
normal saline. Rats in MCAO/IR group were daily 
administrated normal saline for 1 week before 
MCAO/IR. For rats from Sham+10 mg/kg AF group and 
MCAO/IR+10 mg/kg AF group, an intraperitoneally 
injection of 10 mg/kg AF was administered daily for 1 
week before sham operation or MCAO/IR. The 
concentration of AF used in rat study was determined 
according to previous work (Fu et al., 2021; Kim et al., 
2021). For rats from Sham group and Sham+10 mg/kg 
AF group, the right MCA was separated, but no suture 
was inserted. Then each rat was anesthetized, and brain 
tissues were immediately removed or restored for further 
research.  
      All experimental procedures involved in animals 
were approved by the Ethics Committee of Pingxiang 
People's Hospital (Approved number: SYXK 
(GAN)2019-0007). The work described has been carried 
out in accordance with the EU Directive 2010/63/EU for 
animal experiments. 
 
2,3,5-Triphenyltetrazolium chloride (TTC) staining and 
infarct volume calculation 
 
      A neurological score standard was used to assess 
neurobiological function loss (Longa et al., 1989). The 
specific criteria are as follows: no deficit (0), failure to 
extend the right forelimb (1), circling to the opposite 
side when walking (2), falling to the opposite side while 
walking (3), and inability to walk spontaneously and loss 
of consciousness (4). To measure infarct volume, the 
brain tissues were sliced into 4 coronal sections with a 
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thickness of 0.2-0.3 cm. Sections were immersed in 2% 
TTC at 37°C for 30 min. Then the images were scanned 
and quantified by imaging analysis software (Image J, 
USA). The infarct volume of the slice was equivalent to 
the infarct area multiplied by section thickness. The total 
infarct volume of each brain tissue was calculated by the 
sum of infarct volumes of all slices. The final infarct 
volume was corrected by a factor equal to the volume of 
the non-ischemic/the volume of the ischemic hemisphere 
to minimize the influence of edema. 
 
Brain water content  
 
      Brain water content was detected to assess the 
cerebral edema condition of rats after cerebral I/R injury. 
The brain tissues of sacrificed rats were removed 
immediately. The weights of tissues were measured as 
wet weight. Then brains were heated for 24h at 105°C in 
an oven, and the weight of the brain was measured again 
as dry weight. The value of brain water content is equal 

to the percentage of wet weight minus dry weight 
divided by wet weight. 
 
Hematoxylin and eosin (H&E) staining 
 
      Brian tissues of rats from different groups were 
removed after reperfusion for 24h. The tissues were 
fixed in 10% neutral buffered formalin, embedded in 
paraffin, and then cut into sections with a thickness of 4 
mm. Coronal slices with 5 μm-thickness of the dorsal 
hippocampus were prepared and stained with H&E. 
 
Statistical analysis 
 
      All experiments were at least triplicated. The results 
of several experiments were shown as mean+standard 
deviation (SD). Data analyses were carried out by 
Graphpad 8.0 statistical software (USA). P-values were 
calculated by One-way ANOVA followed by Dunnett’s 
post hoc test. P<0.05 was considered a statistically 
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Diagram 1. Flow chart of in vivo experiments.



significant result. 
 
Results 
 
AF promotes cell viability and inhibits apoptosis of OGD/ 
R-stimulated PC-12 cells 
 
      The molecular structure of AF was depicted in Fig. 
1A. To inquire about the cytotoxicity effect of AF on cell 
viability, PC12 cells were stimulated with different 
concentrations of AF, and the viability of cells was 
monitored by CCK-8 assay. The results displayed that 
treatment of AF with 1.25-20 μM did not lead to 
significant cytotoxicity in PC12 cells (Fig. 1B). The 
effect of AF on OGD/R-treated PC12 cells was 
explored. OGD/R exposure led to a significant decrease 
in the viability of PC12 cells, but treatment with AF 

dose-dependently elevated cell viability (Fig. 1C). Next, 
we explored the apoptotic effects of AF on PC12 cells 
triggered by OGD/R. Flow cytometry results showed 
that OGD/R led to an obvious increase of apoptotic cell 
rate, however, the use of 5 μM AF dramatically reduced 
the apoptosis in the cells, and AF treatment with 10 μM 
and 20 μM had stronger inhibition on apoptosis (Fig. 
1D). Similar results were shown in Western blot 
experiment. The expression levels of pro-apoptotic 
factors, cleaved caspase-3 and bax, was apparently 
enhanced, and the expression level of anti-apoptotic 
protein, bcl-2, was reduced by OGD/R induction in 
PC12 cells. However, these effects were markedly 
reversed by AF treatment (Fig. 1E). These results 
revealed that AF might have protective effects on 
OGD/R-triggered PC12 cells by promoting viability and 
inhibiting apoptosis of cells. 
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Fig. 1. AF promoted viability and inhibited apoptosis of PC12 cells after OGD/R injury. A. The molecular structure of AF was depicted. B. CCK-8 assay 
was used to detect the viability of PC12 cells treated with AF at different concentrations (0, 1.25, 2.5, 5, 10, 20, 40, 80 μM) for 24h. C. CCK8 assay was 
performed to measure the viability of PC12 cells treated with different concentrations of AF (0, 1.25, 2.5, 5, 10, 20, 40, 80 μM) for 24h after OGD/R 
injury. AF treatment with 20 μM showed the highest ability to restore cell viability, while AF treatment at 40 μM and 80 μM gradually decreased cell 
viability. D. The apoptosis levels of PC12 cells treated with AF at different concentrations (0, 5, 10, 20 μM) for 24h after OGD/R induction were 
determined by flow cytometry. E. Western blot was carried out to assess the protein expression of bax, bcl-2, and cleaved caspase-3 in PC12 cells 
treated with different concentrations of AF (0, 5, 10, 20 μM) for 24h after OGD/R injury. *p<0.05, **p<0.01 vs. AF (0 μM) group or OGD/R-/AF- group. 
#p<0.05, ##p<0.01 vs. OGD/R+/AF- group.
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Fig. 2. AF attenuates the inflammatory response induced by OGD/R in PC12 cells. A. qRT-PCR was performed to measure mRNA expression levels of 
IL-1β, IL-6, and TNF-α in PC12 cells treated with AF at different concentrations (0, 5, 10, 20 μM) after OGD/R induction. B. ELISA was used to detect 
the concentrations of IL-1β, IL-6, and TNF-α in PC12 cells treated with AF at different concentrations (0, 5, 10, 20 μM) after OGD/R induction. **p<0.01 
vs. OGD/R-/AF- group or control (con) group. #p<0.05, ##p<0.01 vs. OGD/R+/AF- group or OGD/R group.

Fig. 3. AF attenuates the oxidative stress induced by OGD/R in PC12 cells. A. Immunofluorescence was used to detect the level of ROS in PC12 cells 
treated with AF at different concentrations (0, 5, 10, 20 μM) after OGD/R induction. B-D. The levels of ROS, SOD and MDA in PC12 cells treated with 
AF at different concentrations (0, 5, 10, 20 μM) after OGD/R induction were detected by the kits. **p<0.01 vs. OGD/R-/AF- group or control (con) group. 
#p<0.05, ##p<0.01 vs. OGD/R+/AF- group or OGD/R group.



AF attenuates the inflammatory response and oxidative 
stress triggered by OGD/R in PC12 cells 
 
      To further explore the protective effects of AF on 
OGD/R-triggered PC12 cells, the expression of several 
inflammatory factors was measured. As depicted in Fig. 
2A, the mRNA levels of IL-1β, IL-6, and TNF-α were 
notably elevated by OGD/R injury in the cells, while 
treatment with AF reduced the levels of these markers. 
ELISA also showed that AF treatment effectively 
ameliorated the concentrations of IL-1β, IL-6, and TNF-
α in OGD/R-triggered PC12 cells (Fig. 2B). The DCFH-
DA fluorescence intensity was determined by flow 
cytometry as an indicator of ROS production. A 
progressive increment of ROS was observed in cells 
treated with OGD/R, while ROS level was gradually 
decreased with the increase of AF treatment 
concentration (Fig. 3A). OGD/R injury significantly 
decreased the SOD level and enhanced ROS and MDA 
levels in PC12 cells. However, treatment with AF 
resulted in a higher level of SOD and a lower level of 
ROS and MDA compared with the OGD/R group (Fig. 
3B-D). Our results suggested that treatment with AF 
attenuated the inflammatory response and oxidative 
stress in OGD/R-triggered PC12 cells. 

AF alleviates OGD/ R-induced PC12 cell damage by 
activating Nrf2/HO-1 pathway 
 
      To verify the potential mechanism of AF treatment 
protecting PC12 cells against OGD/R stimulation, 
changes in Nrf2/HO-1 pathway were examined by 
Western blot. The OGD/R-induced cells showed obvious 
elevation in the expression of Nrf2, NQO1, and HO-1. 
Moreover, the variations of protein expression were 
significantly enhanced with increased concentrations of 
AF treatment (Fig. 4A). Next, ML385, an Nrf2 inhibitor, 
was used to further confirm the activation of Nrf2/HO-1 
signaling pathway. Compared with OGD/R+AF (20 μM) 
group, ML385 caused significant decreases in the 
expression of Nrf2, NQO1, and HO-1 in OGD/R-
stimulated cells (Fig. 4B). The effects on cell viability 
were presented in Fig. 4C. AF treatment elevated cell 
viability of OGD/R-triggered cells, while the use of 
ML385 significantly suppressed the cell viability (Fig. 
4C). We also found that the use of ML385 reversed the 
effects of AF treatment in cell apoptosis (Fig. 4D). 
Meanwhile, the anti-inflammatory effect of AF in 
OGD/R-treated cell was ameliorated by ML385 
treatment, as indicated by the elevated levels of IL-1β, 
IL-6, and TNF-α (Fig. 5A). Immunofluorescence 
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Fig. 4. AF alleviates OGD/ R-induced PC12 cell viability and apoptosis by activating Nrf2/HO-1 pathway. A. After OGD/R induction, the levels of 
nuclear Nrf2 and HO-1, and NQO1 in total proteins in PC12 cells treated with AF at different concentrations (0, 5, 10, 20 μM) were determined by 
Western blot. B. Cells were treated with 5 μM ML385 followed by AF treatment for 24h. The levels of nuclear Nrf2 and NQO1 and HO-1 in total proteins 
of PC12 cells from different groups (con, OGD/R, OGD/R+AF 20 μM, and OGD/R+AF 20 μM+ML385) were detected by Western blot. C. CCK8 assay 
was used to detect the cell viability of PC12 cells in different groups. D. The apoptosis levels of PC12 cells in different groups were detected by flow 
cytometry. *p<0.05, **p<0.01 vs. OGD/R-/AF- group or control (con) group. #p<0.05, ##p<0.01 vs. OGD/R+/AF- group or OGD/R group. &p<0.05 vs. 
OGD/R+AF 20 μM group.



showed that ML385 alleviated the inhibiting effect of 
AF on oxidative stress in the cells, as suggested by the 
reduced ROS level (Fig. 5B). Our results indicated that 
AF treatment alleviated OGD/ R-induced PC12 cell 
damage by activating Nrf2/HO-1 pathway. 
 
AF treatment had no side effects on brain tissues of rats 
 
      HE staining was performed to confirm whether AF 
treatment had damage to rat brain tissues. No abnormal 
appearance and histological change were observed in the 
brain tissues of rats from AF treatment group compared 
with the control group (Fig. 6A). Moreover, there was no 
apparent difference in neurological deficit score between 
the sham group and sham+10 mg/kg AF group (Fig. 6B). 
Consistently, compared with control group, the brain 
water content of rats showed no significant change after 
AF treatment (Fig. 6C). 
 
AF reduces cerebral ischemic injury in MCAO/IR rats 
through activating Nrf2/HO-1 pathway 
 
      TTC staining was performed to determine cerebral 

infarction in MCAO/IR rats treated with AF. The 
infarcted regions were represented by white-colored 
areas. There were obvious infarct areas in rat brain 
tissues from MCAO/IR group, while the infarct areas in 
10 mg/kg AF treatment group were remarkably lessened 
compared with that in MCAO/IR group (Fig. 7A). After 
MCAO/IR injury, rats displayed apparent neurological 
deficit, as manifested by the raised neurological score, 
while AF treatment dramatically decreased neurological 
deficit score compared with MCAO/IR group (Fig. 7B). 
The brain water content of rats was markedly lifted by 
MCAO/IR injury. After AF treatment, the brain water 
content was significantly lessened compared with that in 
MCAO/IR group (Fig. 7C). Figure 7D depicted the 
representative images of HE staining. The sham group 
showed cells with regular arrangements and well-defined 
structures. Nevertheless, the MCAO group demonstrated 
irregular shapes and few inflammatory infiltrations. As 
anticipated, AF treatment obviously alleviated the 
damaged and disordered cerebral cells caused by 
MCAO/IR injury. Furthermore, TUNEL assay revealed 
that cells in MCAO/IR group were largely apoptotic, 
while the AF treatment group had a significantly lower 
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Fig. 5. AF alleviates OGD/ R-induced PC12 cell inflammation and oxidative stress by activating Nrf2/HO-1 pathway. A. The levels of IL-1β, IL-6, and 
TNF-α in different groups of PC12 cells were tested by ELISA. B. ROS levels in different groups of PC12 cells were detected by immunofluorescence. 
*p<0.05, **p<0.01 vs. OGD/R-/AF- group or control (con) group. #p<0.05, ##p<0.01 vs. OGD/R+/AF- group or OGD/R group. &p<0.05 vs. OGD/R+AF 
20 μM group.



apoptosis rate (Fig. 7E). As shown in Figure 8A, the 
inflammatory cytokines, IL-1β, IL-6, and TNF-α, were 
elevated in brain tissues of rats due to MCAO/IR injury 
compared with sham group, while AF treatment notably 
reduced the concentrations of these cytokines. The SOD 
activity content in MCAO/IR group was markedly lower 
than that in sham group, and the level of MDA in 
MCAO/IR group was notably higher than that in sham 

group. However, treatment with AF showed elevated 
SOD activity and reduced MDA level compared to the 
MCAO/IR group (Fig. 8B,C), suggesting that AF 
mitigated oxidative stress induced by cerebral IR injury. 
To validate the mechanism of AF protecting brain 
against MCAO/IR injury, the expression levels of Nrf2, 
HO-1, and NQO1 proteins were examined by Western 
blot. The level of nuclear metastasis of Nrf2 and the 
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Fig. 6. AF treatment had no side effects on brain tissues of rats. A. HE staining was used to detect brain tissue damage in rats from sham operation 
group (Sham) and AF treatment group (Sham+10 mg/kg AF). B. Comparison of neurological deficit score of rats from the two groups. C. Comparison of 
brain water content of rats from the two groups.



protein levels of HO-1 and NQO1 in MCAO/IR group 
were remarkably higher than those in sham operation 
group but notably lower than those in 10 mg/kg AF 
treatment group (Fig. 8D). Our findings indicated that 
AF exerted a neuroprotective effect in MCAO/IR rats by 
overexpressing Nrf2/HO-1 pathway. 
 
Discussion 
 
      The mortality rate of ischemic cerebrovascular 
disease is as high as 60%-80%, and the incidence is 
increasing annually (Dong et al., 2015). The life quality 
of survivors may also be seriously affected (Zhu et al., 
2002). AF is the main monoterpene contained in P. alba 
Radix. The neuroprotective effect of AF has been 
identified in Parkinson's disease (Ho et al., 2015) and 
Alzheimer's disease (Zheng et al., 2019). Nevertheless, 
to our knowledge, there was no research about AF’s role 
and regulatory mechanism in cerebral IR injury. We 
found that AF treatment had no toxicity to PC12 cells 

and could improve the cell viability of OGD/R- 
stimulated PC12 cells. 
      When cerebral ischemia occurs during reperfusion, 
compensation provided by nerve cells that already 
existed in ischemic and hypoxic tissues of brain is 
suddenly increased, accompanied by a sharp elevation in 
free radicals that mediate oxidation damage in affected 
areas (Stegner et al., 2019). MDA, the product of 
oxidative stress, further aggravates cellular membrane 
damage. Since SOD serves as the main scavenger of free 
radicals, the oxidation damage severity in ischemic 
regions depends on the balance between the levels of 
SOD and MDA (Naderi et al., 2017). In this process, 
inflammatory factors, such as IL-1β, TNF-α, and IL-6, 
might be produced. Except for the increased intracellular 
inflammatory cell infiltration, these factors also promote 
extracellular inflammatory mediator release, further 
aggravating damage in ischemic regions (Yao et al., 
2014). Existing reports also showed that oxidants or pro-
oxidants are significant regulators of apoptosis (Olanow, 
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Fig. 7. AF reduces cerebral ischemic injury in MCAO/IR rats. A. TTC staining was used to detect cerebral infarction areas in different groups (sham, 
MCAO/IR, MCAO/IR+10 mg/kg AF) of rats. B-C. Effects of AF on neurological deficit score and brain water content were compared among different 
groups. D. HE was performed to determine the pathological damage of brain tissue in different groups of rat models. E. TUNEL experiment was 
performed to detect cell apoptosis in brain tissues from different groups of rat models. The apoptosis rates of cells were quantized with Image  
J. *p<0.05, **p<0.01 vs. sham group. #p<0.05, ##p<0.01 vs. MCAO/IR group.



1993; Gil et al., 2003). Substances with antioxidant 
properties can protect against oxidative stress-induced 
toxic damage and inhibit cell apoptosis by reducing the 
production of ROS (Gil et al., 2003). Furthermore, the 
anti-apoptosis, anti-inflammation, and anti-oxidation 
effects of AF have been documented in various diseases. 
For instance, AF ameliorated pulmonary inflammation 
induced by ovalbumin in mice (Cai et al., 2019). AF 
played anti-apoptosis and anti-oxidative roles in 
Alzheimer’s disease (Xu et al., 2019). Here, in cerebral 
IR injury models, we found that AF treatment protected 
neurons against inflammation, oxidation, and apoptosis 
in vitro and in vivo, which is consistent with previous 
conclusions. 
      There is growing evidence that Nrf2 deficiency 
induces inflammation, apoptosis, and oxidation (Zhang 
et al., 2017a,b). Nrf2 is a pivotal transcription factor that 
regulates the anti-oxidant gene in response to oxidation 
damage (Fu et al., 2021). In this process, activated Nrf2 
translocates into nucleus and combines to anti-oxidant 
response gene promoter region, thereby regulating 
downstream antioxidant gene expressions, such as HO-1 
and NQO1. HO-1 and the enzymatic products have anti-
inflammatory, anti-apoptotic, anti-oxidant, and 
vasodilation actions, and can improve tissue 

microcirculation (Itoh et al., 1999). It has been reported 
that Nrf2 could be activated by multiple Chinese herbal 
medicine formulas or phytochemicals (Li et al., 2020), 
including AF (Ma et al., 2015). Pelargonidin ameliorates 
MCAO -induced cerebral/IR injury by the action on the 
Nrf2/HO-1 pathway in rats (Fu et al., 2021). Research 
proved that activation of Nrf2 was an underlying 
therapeutic target for neuroprotection in cerebral IR 
injury (Zhang et al., 2017a,b). In our study, AF treatment 
could elevate the expression of Nrf2, HO-1, and NQO1 
in vitro and in vivo, which was in line with previous 
results. Moreover, we used ML385, a widely used Nrf2 
inhibitor, to determine the regulation of AF in Nrf2/HO-
1 pathway. Preserving and maintaining the activity of the 
Nrf-2 pathway can counteract oxidative stress and 
subsequent inflammation following ischemic and 
traumatic brain injury (Dong et al., 2015). Nrf2 
inhibition abolished the protective function of AF on cell 
viability, apoptosis, inflammation, and oxidative stress, 
indicating that AF conferred its protective effects against 
cerebral IR injury via activating Nrf2/HO-1 pathway. 
      In the current study, MCAO method was used to 
construct the cerebral IR model in rats. MCAO/IR is 
classical and frequently used in vivo model for ischemic 
cerebrovascular disease because of its patho-
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Fig. 8. AF reduces cerebral ischemic injury in MCAO/IR rats through activating Nrf2/HO-1 pathway. A. ELISA was used to measure the levels of IL-1β, 
IL-6, and TNF-α in the hippocampus of rat brain tissues from different groups. B-C. The concentrations of SOD and MDA in rat brain tissues from 
different groups were determined by the kits. D. The levels of nuclear Nrf2 and NQO1 and HO-1 in total proteins of rat brain tissues from different 
groups were detected by Western blot. *p<0.05, **p<0.01 vs. sham group. #p<0.05, ##p<0.01 vs. MCAO/IR group.



physiological and gene expression level changes similar 
to those in human body (Fusco et al., 2019). The results 
of this work showed significant neurological deficits in 
rats 24h after reperfusion. Inflammation is the most 
crucial degenerative factor after ischemia, which results 
in sustained brain injury and cerebral edema. TTC 
results showed that the right frontal lobe, parietal lobe, 
and caudate nucleus in MCAO/IR group had pale 
infarcts with clear boundaries, and the quantitative 
results displayed that the cerebral infarction volume and 
water contents in brain tissues increased dramatically. 
The anti-apoptotic, anti-oxidation, and anti-
inflammatory effects of AF on neuroprotection have 
been described in other animal models. In Alzheimer's 
mouse model, AF exerts an anti-oxidant effect by 
reducing ROS level and increasing SOD activity, and 
reduces the number of apoptotic cells in the anterior 
parietal cortex of mice by increasing the level of bcl-2 
and decreasing the levels of bax and caspase-3 in 
hippocampus and cortex (Xu et al., 2019). In a mouse 
model of Parkinson's disease, a prescription of 
traditional Chinese medicine containing AF was able to 
block apoptosis (Zhang et al., 2017c). AF could 
significantly decrease the levels of TNF-α, IL-1β, and 
IL-6 in the serum and hippocampus of Alzheimer’s rat 
models induced by streptozotocin (Wu et al., 2019). Our 
study indicated that AF could effectively attenuate 
neurological deficits, cerebral infarct volume, and brain 
water contents in MCAO/IR rats. Further, AF could 
ameliorate apoptosis, inflammatory response, and 
oxidative stress that occurred in MCAO/IR-induced rat 
models, which was in line with previous conclusions, 
and the application of AF could promote the 
neuroprotective effect in vivo via activating Nrf2/HO-1 
pathway. 
 
Conclusions 
 
      The present work demonstrated that AF alleviated 
cerebral IR injury by enhancing neuronal cell viability in 
vitro and attenuating apoptosis, inflammation, and 
oxidation in vitro and in vivo. Moreover, our 
experiments identified that the neuroprotective effects of 
AF in cerebral IR were achieved by activating Nrf2/HO-
1 pathway. Our findings provided novel insights into 
developing agents for cerebral IR injury and protecting 
against cerebral ischemia. 
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