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Sufentanil alleviates cerebral ischemia-reperfusion injury by inhibiting inflammation
and protecting the blood-brain barrier in rats
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Stroke is a brain system disease with a high fatality rate and disability rate. About 80% of strokes are ischemic
strokes. Cerebral ischemia-reperfusion injury (CIRI) caused by ischemic stroke seriously affects the prognosis
of stroke patients. The purpose of this study is to investigate the effect of sufentanil (SUF) on CIRI model rats.
We used middle cerebral artery occlusion (MCAO) to make the CIRI model in rats and monitored region cere-
bral blood flow (rCBF) to ensure that blood flow was blocked and recanalized. We used ELISA and RT-PCR
to detect the expression of inflammatory factors in rat serum and brain tissue. In addition, we detected the
expression of metalloproteinase (MMP) 2, MMP9 and collagen IV in brain tissues and performed Evans blue
(EB) assay to determine the permeability of the blood-brain barrier (BBB). Finally, we clarified the apoptosis
of brain tissue through the TUNEL staining and the detection of caspase 3, Bcl2 and Bax. Various concentra-
tions of SUF, especially 5, 10 and 25μg/kg of SUF, all alleviated the infarct size, neurological function and
brain edema of MCAO rats. SUF pretreatment also effectively reduced the expression of inflammatory
cytokines in MCAO rats, including interleukin (IL)-1β, IL-4, IL-6, IL-8, IL-10 and tumor necrosis factor
(TNF)-α. In addition, SUF also inhibited MMP2 and MMP9 and promoted the expression of collagen IV, indi-
cating that SUF attenuated the destruction of the BBB. SUF also inhibited caspase 3 and Bax rats and promoted
Bcl2 in MCAO rats, thus inhibiting cell apoptosis. SUF pretreatment effectively improved the neurological
function and cerebral infarction of MCAO rats, inhibited excessive inflammation in rats, protected the BBB,
and inhibited cell apoptosis in brain tissue.

Key words: Sufentanil; cerebral ischemia-reperfusion injury; inflammation; blood-brain barrier.

A
B

S
T

R
A

C
T

Correspondence: Lulu Cheng, MM. Laboratory of Microneurosurgery, Zhumadian Central Hospital, 747
Zhonghua Road, Zhumadian 463000, China. E-mail: 55526649@qq.com 

Contributions: All the authors made a substantive intellectual contribution, read and approved the final version
of the manuscript and agreed to be accountable for all aspects of the work.

Conflict of interest: The authors declare that they have no competing interests, and all authors confirm accuracy.

Ethics approval and consent to participate: The animal experiment was approved by the Zhumadian Central
Hospital Experimental Animal Ethics Committee. 

Availability of data and materials: The data used to support the findings of this study are available from the
corresponding author on reasonable request.

[European Journal of Histochemistry 2022; 66:3328] [page 281]

2022_1 o.qxp_Hrev_master  11/01/22  15:21  Pagina 281



                             Article

Introduction
Stroke is an acute cerebrovascular disease.1 It is a group of dis-

eases that cause sudden cerebral hemorrhage due to rupture of
cerebrovascular or ischemia and hypoxia in some areas of the brain
due to blockage of cerebrovascular and poor blood flow.1 Stroke
includes ischemic and hemorrhagic stroke.2 The occurrence of
stroke is closely related to age, race, hypertension, arteriosclerosis,
smoking, drinking, and unhealthy diet.2 Brain tissue is highly sen-
sitive to ischemia, and once it occurs, pathological changes will
quickly appear, and brain tissue will soon enter a state of irre-
versible damage.3 Tissue recovery and reperfusion therapy not
only can not improve the brain tissue ischemia, but cause more
serious damage to the brain tissue and its function, that is, cerebral
ischemia-reperfusion injury (CIRI).4 The prognosis of CIRI
patients is usually poor because CIRI of neurons is irreversible.4

Therefore, how to prevent and reduce CIRI is still a research
hotspot in the medical field.

The concept of anesthetic preconditioning was initially pro-
posed in 1997.5 Similar to the phenomenon of ischemic precondi-
tioning, anesthetic treatment given for a certain period of time
before ischemia can reduce the organs injury caused by ischemia
and has a protective effect on vital organs.6 As an opioid analgesic
widely used in clinics, sufentanil (SUF) has the strongest analgesic
effect, wide safety range, and stable hemodynamics.7 SUF, which
mainly acts on mu opioid receptors, was originally used as an anal-
gesic.7 In recent years, some clinical and animal experimental stud-
ies have found that SUF has a good protective effect against
ischemia-reperfusion injury.8,9 SUF can protect the liver from
ischemia-reperfusion injury by its excellent anti-inflammatory
effect.8 In addition, SUF has also been found to alleviate myocar-
dial ischemia-reperfusion injury by activating the ERK1/2 signal-
ing pathway or miR-125a/DRAM2 axis.10,11 A clinical study also
shows that SUF can alleviate ischemia-reperfusion injury in
patients with coronary heart disease.12 Therefore, we speculated
that SUF may have a therapeutic effect on ischemia-reperfusion
disease. However, there is currently no relevant research on the
effect of SUF on CIRI, so the impact of SUF on CIRI is unclear.
Therefore, we used SUF to treat CIRI model rats to investigate the
potential therapeutic effects of SUF on CIRI.

Materials and Methods

Animals
A total of 60 healthy male Sprague Dawley (SD) rats (220-300

g) (Charles River, Beijing, China) were used in this study. The rats
were kept in the Specific Pathogen Free (SPF) barrier facility of
the Zhumadian Central Hospital Experimental Animal Center. The
barrier facility was maintained with the room temperature of
22±2°C, the relative humidity of 40-60% and alternating light for
24 h. Rats can eat and drink freely in cages. 

Procedure of middle cerebral artery occlusion (MCAO)
model

After being anesthetized with 2% sodium pentobarbital (40
mg/kg), the rats were fixed on the operating table. We made a 1cm
incision in the right of center of the rat’s neck. Then we used a
tweezer to separate the fascia and muscles of the neck until the
common carotid artery is exposed. After ligating the common
carotid artery with a thin thread, we inserted the monofilaments
from the external carotid artery at the distal end of the ligation into

the internal carotid artery. After the monofilaments enter the rat’s
brain about 25 mm, it can block the middle cerebral artery. After 1
h of blocking, we quickly removed the monofilaments and loos-
ened the common carotid artery to refill the blood flow in the rat’s
brain. Finally, we sutured the skin of the rat brain and disinfect the
incision with iodophor.13 The procedure of the rats in the Sham
group was the same as the above, but no ischemia model was
established. During the operation, the rat’s regional cerebral blood
flow (rCBF) was monitored to ensure the success of ischemia and
reperfusion. After 1 h of ischemia and 24 h of reperfusion, we
killed the rats through spinal dislocation and collected the whole
brain tissue. One week before surgery, SUF (5 μg/kg, 10 μg/kg and
25 μg/kg, Sigma-Aldrich, St. Louis, MO, USA) was used to inject
subcutaneously into MCAO rats daily. Rats in the Sham group
were injected with an equal amount of sterile saline.

Infarct size assessment
After 1 h of ischemia and 24 h of reperfusion, we collected rat

brain tissue and placed it in a refrigerator at -20°C for 30 min. Then
the frozen brain tissue was cut into 2 mm thick sections and placed
in 2% 2,3,5-triphenyltetrazolium chloride (TTC) solution (Sigma-
Aldrich, St. Louis, MO, USA). A total of 25 rats were assessed.
One brain tissue was cut into 5 pieces for replicates. The TTC solu-
tion containing the sections was placed in a 37°C constant temper-
ature water bath and incubated for 10 min in the dark. Then we
took out the sections and rinsed them, and then recorded pictures
with digital camera. ImageJ 1.80 was used for measurement.
Normal brain tissue appears red and infarct tissue appears white.
Infarct size = infarct area/total area×100%.

Modified Neurological Severity Score (mNSS) assessment
After 1 h of ischemia and 24 h of reperfusion, we used mNSS

to assess nerve damage. A total of 25 rats were assessed. The
mNSS score was determined by tests of motor skills, sensory abil-
ity, response and balance. The higher the score, the more severe the
nerve damage. The mNSS nerve injury classification is as follows:
severe injury (score 13-18), moderate injury (score 7-12), mild
injury (score 1-6) and no injury (score 0). The assessment was car-
ried out by people who did not know the animal group.14

Water content examination
After 1 h of ischemia and 24 h of reperfusion, we assessed the

degree of cerebral edema in rats by measuring the water content of
brain tissue by dry and wet method. A total of 25 rats were used for
water content examination. The weight of fresh rat brain tissue is
wet weight. The brain tissue was then placed in a 100°C incubator
for 24 h. The weight of the brain tissue at this time is the dry
weight. Brain tissue water content = (wet weight-dry weight) / dry
weight x 100.

Enzyme-linked immunosorbent assay (ELISA)
ELISA was used to detect the content of inflammatory factors

interleukin (IL)-1b, and tumor necrosis factor (TNF)-α in rat
brain tissue and serum. A total of 25 rats were used and there
were 3 replicates. The standard in the ELISA kits (Thermo Fisher
Scientific, Waltham, MA, USA) was diluted to different concen-
trations to make a standard curve. Standards and samples were
added to the wells of the microtiter plate and incubated at 37°C
for 2 h. Then we added antibodies to the wells for 1 h and horse-
radish peroxidase for 30 min. After washing, the chromogenic
solution was added to each well for 20 min at 37°C. Finally, we
added stop solution and used a microplate reader to detect the
absorbance at 450 nm.
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RNA isolation and RT-PCR
Fifty mg of brain tissue was collected and dissolved by 1 mL

TRIzol (Invitrogen, Carlsbad, CA, USA). The chloroform-iso-
propanol method was used to extract total RNA. We used reverse
transcription kits (Vazyme, Nanjing, Jiangsu, China) to reverse
mRNA to complementary deoxyribose nucleic acid (cDNA). The
reverse transcription system included 10 μL of 5×Reaction Buffer,
2.5 μL of dNTP, 2.5 μL of RTase, 1.25 μL of RRI and 3.75 μL of
Rnase Free water. The cDNA was stored in a refrigerator at -20°C.
SYBR Green Master Mix (Vazyme, Nanjing, Jiangsu, China) was
used for PCR. The PCR system included 0.4 μL of forward primer,
0.4 μL of reverse primer, 10 μL of Mix, 2 μL of cDNA and 7.2 μL
of Rnase Free water. glyceraldheyde 3-phosphate dehydrogenase
(GAPDH) was used as an internal control. 2-ΔΔCT was used to indi-
cate the relative expression of mRNA. The primer sequences were
shown in Table 1. A total of 25 rats were used in this experiment
and there were 3 replicates.

Evans blue (EB) assay
Five h before the rats were sacrificed, we injected 0.1 mL of

2% EB (Sigma-Aldrich) into rats through the tail vein, followed by
infusion with normal saline. After killing the rats, we collected
brain tissue and weighed it. We added a corresponding volume of
phosphate buffered saline (PBS) according to the weight of the col-
lected brain tissue to prepare homogenate (0.1 g/mL) by centrifu-
gation (15,000 rpm, 30 min). Then we collected 0.5 mL of super-
natant and add an equal volume of trichloroacetic acid, and incu-
bated them overnight at 4°C. The next day we took out the mixture
and placed it in a centrifuge for centrifugation (15,000 rpm, 30
min). Then we collected the supernatant and used a microplate
reader to measure the absorbance at 615 nm. A total of 25 rats were
used in this experiment and there were 3 replicates.

TdT-mediated dUTP Nick-End Labeling (TUNEL)
staining

Rat brain tissues were collected and fixed for 24 h with 4%
paraformaldehyde. The brain tissue was then made into paraffin
blocks and cut into paraffin sections with a thickness of 5 μm. The
TUNEL apoptosis kit (Sigma-Aldrich) was used to detect paraffin
sections. After deparaffinization and hydration, the paraffin sec-
tions were placed in a wet box and a mixture of TdT and DIG-D-
UTP was dropped on the sections. The wet box was placed in a
refrigerator at 4°C. After 2 h, the blocking solution was dropped on
the tissue for blocking at room temperature for 30 min. The anti-
body dilution was then dropped on the sections for 40 min. Finally,
we washed the sections and mounted them with anti-fluorescence
quenching mounting medium. The level of apoptosis was assessed
by calculating the percentage of positive cells. One section per ani-
mal was used and four microscope fields per section were used to
calculate the average value. A total of 15 rats were used in this
experiment and there were 3 replicates.

Statistical analysis
Statistical Product and Service Solutions (SPSS) 20.0 (IBM,

Armonk, NY, USA) was used to analyze the data of this study and
Graphpad Prism 7.0 (La Jolla, CA, USA) was used to make graphs.
The measurement data were represented by the mean ± standard
deviation. Comparison of data between multiple groups was per-
formed using one-way analysis of variance followed by post-hoc
test (Bonferroni); p<0.05 was considered as statistically signifi-
cant.

Results

SUF alleviated brain damage in MCAO rats during
ischemia and reperfusion

In order to clarify the effect of SUF on the brain tissue function
of rats after CIRI, we used MCAO method to establish a CIRI
model of rats, and test the condition of cerebral infarction and
nerve function of the rats in the ischemic phase (1 h after ischemia)
and reperfusion phase (24 h after reperfusion). In order to deter-
mine the optimal concentration of SUF, we used different concen-
trations of SUF (1, 5, 10, 25, 50 μg/kg) to treat MCAO rats. We
first determined the occlusion and recanalization of cerebral arter-
ies by monitoring the condition of rat rCBF. As shown in Figure
1A, the rCBF of rats in the Sham group remained at a normal level
throughout. In MCAO rats, the rCBF dropped sharply to about 20
pu after blocking the cerebral artery and returned to normal after
recanalization. The results of rCBF indicated that the MCAO
model was successfully established. The results of TTC staining
showed that MCAO rats had obvious cerebral infarction, especial-
ly in the reperfusion period. SUF was found to ameliorate cerebral
infarction in MCAO rats during the ischemic and reperfusion phas-
es (Figure 1B). The results of mNSS indicated that SUF can
improve the neurological function of MCAO rats during the
ischemic phase and reperfusion phase (Figure 1C). In addition, the
brain water content of MCAO rats increased significantly, and
SUF pretreatment can reduce the water content and relieve brain
edema (Figure 1D). Among the different concentrations of SUF,
the 5, 10 and 25 μg/kg of SUF had better results.

SUF reduced inflammation levels in MCAO rats
Excessive inflammation is one of the important causes of

CIRI, so we detected changes in the level of inflammation in
MCAO rats. The above results indicated that the 5, 10 and 25
μg/kg of SUF had good results, so we used these three concentra-
tions of SUF to treat rats in the subsequent experiment. We collect-
ed the brain tissue and serum of rats and detected the concentration
of IL-1β (Figure 2A) and TNF-α (Figure 2B) by ELISA. ELISA
results showed that SUF effectively reduced the concentration of
IL-1β and TNF-α in brain tissue and serum. In addition, we isolat-
ed total RNA in rat brain tissue and detected the changes in mRNA
of various inflammatory factors. The mRNAs of IL-1β, IL-4, IL-6,
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Table 1. Primer sequences.

Names                  Forward                                Reverse

GAPDH           ATGGCTACAGCAACAGGGT           TTATGGGGTCTGGGATGG
IL-1β                CCCTTGACTTGGGCTGT              CGAGATGCTGCTGTGAGA
IL-4                  GGCAACAAGGAACACCAC              CACCGAGAACCCCAGAC
IL-6                 CACCAGGAACGAAAGTCAA          CAACAACATCAGTCCCAAGA
IL-8                GAGCAACCCATACCCATCGA   TGGTCCCACCATATCTTCTTAATCT
IL-10                AGGGTTACTTGGGTTGCC           GGGTCTTCAGCTTCTCTCC
TNF-a             CAGCCAGGAGGGAGAAC            GTATGAGAGGGACGGAACC
MMP2              TTGACCAGAACACCATCG              CTTGCGGGGAAAGAAGT
MMP9              CGCTGGGCTTAGATCATT            TGCTGGATGCCTTTTATGT
Collagen IV   GCCACCATAGAGAGAAGCG           CAACAGGAGGGGAGAGGA
Caspase 3       GGAACGCGAAGAAAAGTG            ATTTTGAATCCACGGAGGT
Bcl2                GAGGTCTTCTTCCGTGTGG           GATCAGCTCGGGCACTTT
Bax                 AGGAACTCTTCAGGGATGG             GCGATGTTGTCCACCAG
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IL-8, IL-10 and TNF-α in MCAO rats all increased significantly.
The three concentrations of SUF all reduced the expression of pro-
inflammatory factors (IL-1β, IL-6, IL-8, and TNF-α) mRNA in rat
brain tissue to varying degrees (Figure 2C-2H). These results indi-
cated that SUF pretreatment can significantly improve the level of
inflammation in MCAO rats.

SUF alleviated the damage of blood-brain barrier in
MCAO rats

CIRI is accompanied by an increase in the permeability of the
BBB, which further leads to aggravation of CIRI. Therefore, pro-
tecting the BBB is essential to alleviate CIRI. We detected the
mRNA expression of metalloproteinase (MMP) 2 (Figure 3A),
MMP9 (Figure 3B) and collagen IV (Figure 3C) in the brain tissue
of rats and found that the mRNA of MMP2 and MMP9 increased
significantly and collagen IV decreased in the brain tissue of
MCAO rats, which implied that the increase in permeability of
BBB of MCAO rats. The mRNA levels of MMP2 and MMP9 in
the brain tissue of MCAO rats pretreated with SUF were lower

than those of untreated rats and mRNA of collagen IV increased in
rats treated with SUF, which indicated that SUF pretreatment pro-
tected the BBB of rats. In addition, we also found through EB
assay that SUF pretreatment reduced the permeability of the BBB
of MCAO rats, which was manifested as a decrease in EB (Figure
3D).

SUF inhibited cell apoptosis in the brain tissue of
MCAO rats

CIRI can cause a large number of cell apoptosis and necrosis
in brain tissue, which lead to irreversible damage. Therefore, we
detected the changes of cell apoptosis in rat brain tissue. TUNEL
detected cell apoptosis in the ischemic penumbra of rat brain tis-
sue. There were a large number of positive spots in the brain tissue
sections of MCAO rats, while the positive spots in the tissue sec-
tions of SUF pretreated rats were significantly reduced (Figure 4
A,B). This indicated that SUF pretreatment reduced the apoptosis
rate of the brain tissue of MCAO rats. The mRNA levels of caspase 3
(Figure 4C), Bcl2 (Figure 4D) and Bax (Figure 4E) in brain tissues

Figure 1. SUF alleviated brain damage in MCAO rats during ischemia and reperfusion. A) Regional cerebral blood flow (rCBF) was
monitored during modeling. B) Infarct size of brain tissue in rats. C) Modified neurological severity score (mNSS) of rats in seven
groups. D) Cerebral water content of rats in seven groups. *p<0.05 vs Sham group; #p<0.05 vs MCAO+NS group.
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Figure 2. SUF reduced inflammation levels in MCAO rats. A,B) The concentrate of IL-1β and TNF-α in brain tissue and serum of rats
in four groups. C-H) The mRNA expression of IL-1β, IL-4, IL-6, IL-8, IL-10 and TNF-α in brain tissue. *p<0.05 vs Sham group;
#p<0.05 vs MCAO+NS group.
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were also detected and it was found that SUF pretreatment can
inhibit caspase 3 and Bax and promote the expression of Bcl2
mRNA. These results indicated that SUF pretreatment inhibited
the cell apoptosis in rat brain tissue after CIRI.

Discussion
In recent years, with the gradual aging of the population,

ischemic cerebrovascular diseases have become one of the main
factors threatening the health of elderly patients, and it has become
a research hot topic in modern medical practice.15 Cerebral
ischemic diseases induce irreversible damage to the brain. Long-

term reperfusion injury will cause the expansion of the cerebral
infarct size, and clinically the method of recovering and recanaliz-
ing brain blood cannot fundamentally solve the above problems.16

Drug pretreatment is a hot spot in today’s research.17 The protec-
tive effects of anesthetics pretreatment are obvious, including opi-
oids, inhalation anesthetics and propofol. These anesthetics have
been proven in animal experiments.18,19 Morphine is a representa-
tive of opioids, and the research on its pretreatment is relatively
mature, especially on its protective effect on the heart.18 The pro-
tective effect of opioid pretreatment is mainly mediated by opioid
receptors.19 The most commonly used opioids in clinical are recep-
tor agonists, including fentanyl, SUF, remifentanil and alfentanil,
all of which have the effect of drug pretreatment.20 Compared with

Figure 3. SUF alleviated the damage of blood-brain barrier in MCAO rats. A-C) The mRNA expression of MMP2, MMP9 and collagen
IV in rats. D) Evans blue in rats of four groups. *p<0.05 vs Sham group; #p<0.05 vs MCAO+NS group.
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fentanyl, SUF has the advantages of stronger lipophilicity, higher
plasma protein binding rate, relatively smaller volume of distribu-
tion, strong opioid receptor affinity and longer duration of action.21

But so far, there are few reports about the protective effect of opi-
oid pretreatment on the brain. In this experimental study, a rat CIRI
model was established, and various doses of SUF were used at the
same time. The results showed that SUF at 5, 10 and 25 μg/kg can

effectively improve the neurological function of MCAO rats and
reduce the level of inflammation and the permeability of the BBB
in rats. This indicated that SUF may have a potential therapeutic
effect on CIRI.

Inflammatory mediators in the brain are upregulated after cere-
bral ischemia.22 They are not only expressed in cells of the immune
system, but also in brain cells including glial cells and neurons.22

Figure 4. SUF inhibited cell apoptosis in the brain tissue of MCAO rats. A,B) TUNEL staining results of brain tissue in rats (magnifi-
cation: 200×) and quantification. C-E) The mRNA expression of caspase 3, Bcl-2 and Bax in brain tissue. *p<0.05 vs Sham group;
#p<0.05 vs MCAO+NS group.
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The most important cytokines associated with cerebral ischemia
inflammation are IL-1β, TNF-α, IL-6, IL-10 and transforming
growth factor-β (TGF-β). Among these cytokines, IL-1β and TNF-
α are closely related to brain injury.23 The early stage of inflamma-
tory injury after cerebral ischemia-reperfusion is mainly caused by
the pro-inflammatory mediator TNF-α.24 This cytokine is synthe-
sized by macrophages, especially activated microglia. TNF-α acti-
vates neutrophils and lymphocytes and promotes the synthesis of
adhesion molecules and other inflammatory mediators such as IL-
1β and IL-6.24 Parker et al.25 found that compared with wild-type
mice, IL-1β-deficient mice have a smaller infarct size. In addition,
treatment with IL-1 receptor antagonists can reduce infarct size.
The level of TNF-α in the brain is also upregulated after ischemia,
and its expression is similar to IL-1β. Inhibition of TNF-α can
reduce ischemic brain injury, and administration of recombinant
TNF-α protein after stroke can aggravate ischemic brain injury.26

SUF has been found to reduce the level of inflammation in a vari-
ety of injury models. Hu et al. revealed that SUF can reduce IL-1b,
IL-6 and TNF-a in rats with acute lung injury.27 Lian et al. also
found that it inhibits inflammatory damage during liver ischemia-
reperfusion.8,9 Our results also found that the expression of a large
number of inflammatory cytokines in the MCAO model rats was
significantly increased, which indicated that the inflammatory
response was involved in the brain injury of the MCAO model rats.
The inflammatory cytokines of SUF pretreated rats were signifi-
cantly downregulated, indicating that SUF effectively alleviated
the brain injury of MCAO rats by inhibiting inflammation. In addi-
tion, SUF also promoted the upregulation of anti-inflammatory
factors IL-4 and IL-10, which further inhibited the inflammatory
response in MCAO rats. These results are consistent with the
results of other previous studies.24-26

Cerebral edema mainly includes cytotoxic brain edema, vaso-
genic brain edema, interstitial brain edema and mixed brain
edema.28 Vascular brain edema is related to the increase of BBB
permeability.29 The early stage of cerebral ischemia-reperfusion is
accompanied by the expression of a variety of inflammatory
cytokines and adhesion molecules, which promotes the transfor-
mation of cerebral ischemic injury to inflammatory injury.30 The
aggregation and infiltration of polymorphonuclear leukocytes pro-
duce a large number of proteolytic enzymes, oxygen free radicals
and other effector molecules, which cause damage to the capillary
endothelial cells and basement membrane of brain tissue, and
induce vascular brain edema and hemorrhage.31 MMPs mainly
include members such as MMP2 and MMP9. MMPs are a family
of metalloproteinase endonucleases that are zinc ion-dependent.
They can degrade most of the extracellular matrix components.31

MMPs, especially MMP9, can cause the destruction of the tight
junctions between brain tissue capillaries and BBB endothelial
cells in ischemia-reperfusion, especially BBB microvascular base-
ment membrane, which can cause vasogenic brain edema second-
ary to cerebral ischemia-reperfusion.31 Collagen IV is one of the
main components of the basement membrane of the BBB.
Collagen IV degrades rapidly after CIRI, which is consistent with
the trend of continuous increase in BBB permeability.32 Collagen
IV, MMPs, BBB and neurovascular unit are closely related.
Research results in recent years have shown that inhibiting and
knocking out the MMP9 gene have a protective effect on experi-
mental cerebral ischemia and reperfusion.33 Rosell et al.33 studied
the relationship between MMP2/9 in the cerebral ischemic area
and the destruction of the BBB after hemorrhagic transformation
of ischemic stroke, and the results showed that the level of MMP9
in hemorrhagic and non-hemorrhagic infarct tissues was higher
than that in the contralateral side; the expression level of MMP9 in
the area was significantly higher than that in the non-bleeding area
and the contralateral area; the level of MMP2 did not change; the

infiltration of surrounding cerebral capillaries by MMP9-positive
neutrophils was related to serious degradation of basement mem-
brane collagen IV and blood extravasation. The study showed that
there is a large number of neutrophil infiltrations in the infarct and
hemorrhage area, and the local MMP9 level is higher, which is
closely related to the degradation of the basement membrane col-
lagen IV and the destruction of the BBB.33 Therefore, protecting
the BBB is one of the keys to the treatment of CIRI. We studied the
effects of SUF on MMP2, MMP9 and collagen IV in MCAO rats.
SUF was found to inhibit MMP2 and MMP9 and promote the
secretion of collagen IV. These results showed that SUF can pro-
tect the BBB, and the results of the EB experiment also show that
SUF can attenuate the destruction of the BBB by CIRI.

Apoptosis is different from necrosis. Apoptosis caused by
reperfusion injury is mainly distributed in the peripheral area of
cerebral infarction.34 Apoptosis can also exacerbate reperfusion
injury.34 Bcl2/Bax determines the viability of cells after apoptosis
stimulation. A high proportion of Bcl2/Bax can lead to better anti-
apoptotic ability of cells. The activation of caspase 3 can reduce
DNA damage repair enzymes and increase endonucleases and cell
apoptosis.34 Some studies have revealed that SUF can reduce the
apoptotic level of mesenchymal stem cells and hepatocytes.8,353

Our results also show that SUF has a significant inhibitory effect
on neuronal apoptosis induced by CIRI. The expression of caspase 3
in the brain tissue of SUF-treated rats decreased significantly and
Bcl2/Bax increased. This indicates that SUF improves the apopto-
sis level in the brain tissue of MCAO rats.

To sum up, SUF is first to be used in rat CIRI models and this
is also the first study to investigate the effect of SUF pretreatment
on CIRI in MCAO rats. SUF pretreatment for one week effectively
alleviated the neurological damage, cerebral infarction and cere-
bral edema in MCAO rats. In addition, SUF also inhibited the
excessive inflammation caused by CIRI and weakened the destruc-
tion of the BBB, and inhibited the apoptosis of brain tissue. SUF
may become a potential therapeutic drug for CIRI. We hope that
the results of this study can contribute to the clinical treatment of
CIRI.
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