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Objective. To investigate the effect of tea polysaccharides (TPS) mediated by miR-375/SRXN1 axis on mice with cerebral
ischemia-reperfusion injury and proliferation and apoptosis of astrocytes (AS) conducted with oxygen-glucose
deprivation/reoxygenation (OGD/R). Methods. Mouse model of middle cerebral artery occlusion (MCAO) and OGD/R-
induced AS injury model were established; brain obstruction volume was measured by TTC staining; dry/wet weight ratio
was used for measuring brain water content; hydrogen peroxide (H,O,) content in brain tissue was measured by H,0, assay
kit; cell viability and apoptosis rate were detected by MTT assay and flow cytometry, respectively; the expression level of
miR-375 in OGD/R-AS was detected using qPCR; dual-luciferase reporter assay was used to verify the targeting relationship
between miR-375 and SRXN1; mRNA levels of miR-375, SRXN1, Bcl-2, Bax, and caspase-3 were measured by qPCR; the
protein levels of SRXNI1, Bcl-2, Bax, and caspase-3 were measured by Western blotting. Results. The volume of cerebral
obstruction, brain water content and H,O, content in mice decreased gradually with the increase of TPS concentration. TPS
treatment in vitro could effectively improve OGD/R-AS viability and reduce the apoptotic rate; overexpression of miR-375
inhibited AS viability but increased the apoptotic rate; TPS treatment resulted in a decrease in the expression of miR-375 in
OGD/R-AS; MiR-375 targeted SRXNI1 in AS; inhibition of miR-375 expression significantly upregulated SRXN1 levels; TPS
treatment with simultaneous overexpression of SRXN1 significantly increased OGD/R-AS activity and reduced apoptosis;
however, TPS treatment with simultaneous overexpression of SRXN1 and miR-375 resulted in no significant difference in
cell viability and apoptosis rate compared with the control group. Conclusion. TPS reduces astrocyte injury induced by
cerebral ischemia-reperfusion in mice by regulating the miR-375/SRXN1 molecular axis.

1. Introduction

Ischemic stroke, one of the leading causes of interruption of
cerebral blood flow, is also an important factor of death and
disability worldwide [1]. Restoration of blood supply to the
brain following ischemic stroke may lead to reperfusion
injury [2]. Reperfusion stimulates the overproduction of
reactive oxygen species (ROS) such as hydrogen peroxide
(H202), which induces cell proliferation, growth arrest,
and causes apoptosis and necrosis [3]. Astrocytes (AS),
one of the major types of glial cells in the central nervous

system (CNS), have various functions of regulating blood-
brain barrier permeability, glial scar formation, and synap-
tic activity [4]. There is increasing evidence that apoptosis
and death of nerve cells after ischemia-reperfusion are the
main causes of exacerbated brain injury [5]. Therefore, it
is very urgent to develop novel therapeutic strategies for
cerebral ischemia-reperfusion. Sulfiredoxin-1 (SRXN1) is
an endogenous antioxidant protein [6] that plays an impor-
tant role in neuroprotection [7]. SRXN1 can resist cellular
oxidative stress-induced ROS production [8, 9]. Zhou
et al. [10] reported the antioxidant function exerted by
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SRXNI1 in protecting rat cortical AS from apoptosis, con-
firming that SRXNI is a potential target gene for the treat-
ment of cerebral ischemia-reperfusion injury.

Tea polysaccharides (TPS) is heteropolysaccharides
extracted from leaves, flowers, and seed peels of tea trees
[11] and is mainly composed of arabinose, xylose, glucose,
galactose, galactoglucan, pectin, and protein. In the past few
decades, significant progress has been made in the study of
the chemical and biological activities of TPS and other related
tea products. TPS has many health benefits. It has antioxi-
dant, antiaging, and antitumor effects, as well as the ability
to reduce cerebral ischemia-reperfusion injury after stroke
[12], to improve diabetes [13], to boost body immunity
[14], and to reduce hepatotoxicity [15]. However, the molec-
ular mechanism of its role in most diseases is unknown.

MicroRNAs (miRNAs) refer to a newly discovered class
of endogenous noncoding RNAs, which are involved in post-
transcriptional gene regulation by binding to target sites in
the 3'-UTR of target mRNA and result in mRNA degrada-
tion or translation inhibition [16]. In an animal study, inves-
tigators analyzed miRNA profiles after cerebral ischemia-
reperfusion and have found that high miR-375 expression
was detected at 12h of ischemia-reperfusion, while expres-
sions of other up-regulated genes gradually peaked after
72h. Therefore, miR-375 is expected to be a diagnostic and
therapeutic target for cerebral ischemia-reperfusion [17]. It
has been reported that miRNAs are stimulated by external
factors to change their expressions, thereby specifically regu-
lating the expressions of target genes. There have been some
reports that polysaccharides exert anti-inflammatory and
antioxidant effects in vitro by regulating the expression of
miRNAs [18, 19]. However, there is no report that focused
on the role of polysaccharides in regulating AS activity and
alleviating cerebral ischemia-reperfusion injury via miRNA.

Therefore, in this study, we investigated the protective
effect of TPS on AS after ischemia-reperfusion injury by
establishing a MACO mouse model and an OGD/R and AS
injury model and attempted to provide new insights on the
role of TPS in reducing the oxidative stress-caused apoptosis.
Our results showed that TPS could alleviate the brain damage
caused by cerebral ischemia-reperfusion and reduce astrocyte
apoptosis by regulating the miR-375/SRXN1 axis, which pro-
vided a new potential theoretical basis for the effect of poly-
saccharides on treating cerebral ischemia-reperfusion injury.

2. Materials and Methods
2.1. Materials

2.1.1. Animal Origin. Fifty-four male ICR mice, weighing 25-
30g, were purchased from Kay Biological Technology
(Shanghai) Co., Ltd. Mice were housed in a 12h light/12h
dark cycle in a constant temperature room, with daily feed
and water provided regularly.

2.1.2. Cell Origin and Culture. Astrocytes (AS) were pur-
chased from Shanghai Yu Bo Biological Technology Co.,
Ltd. (article number: HUM-YB-n012). The AS were
adherently cultured in complete medium (DMEM/EBS)
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containing 12% bovine serum at 37°C and 5% CO,. The
cells were then cultured to the logarithmic phase for sub-
sequent experiments.

2.1.3. Main Reagents. TPS of 99% active component (rham-
nose, arabinose, xylose, glucose, galactose, galactoglucan,
pectin, and protein) was purchased from Nanjing Tongying
Biotechnology Co., Ltd. Fetal bovine serum, complete culture
medium, and LipofectamineTM 2000 reagent were pur-
chased from Invitrogen. Trizol and RNA extraction kits were
purchased from Beijing Tianjian Biotechnology Co., Ltd.
SYBR Premix Ex TaqTM II kit, PrimescripTM RT reagent
kit, and miRNA PrimescripTM RT reagent kit were pur-
chased from Takara. The primers were synthesized by San-
gon Biotech (Shanghai, China). The H,0O, content kit was
purchased from Beijing Solarbio Science & Technology Co.,
Ltd. The dual luciferase reporter gene kit was purchased from
Beijing Baiao Laibo Co., Ltd. The protein extraction kit was
purchased from NanJing KeyGen Biotech Co., Ltd. The
Annexin V-PE/7-AAD apoptosis kit was purchased from
Shanghai Yu Bo Biotechnology Co., Ltd.

2.2. Methods

2.2.1. MCAO Mouse Modeling and TPS Treatment. The
cephalic flesh of the mice anesthetized with chloral hydrate
was opened, the fascia of the skull surface was cleaned, and
the probe of the laser Doppler flowmeter was fixed at a spe-
cific position on the skull. The supine skin was cut in the
middle with tissues separated. The right common carotid
artery, internal carotid artery, and external carotid artery
were then exposed and ligated with 6-0 silk suture. The exter-
nal carotid artery was separated using a microelectric coagu-
lator, in which a small incision was made near bifurcation of
the common carotid artery. A filament was inserted and tied
to the incision in the external carotid artery with another silk
suture. The ligated internal carotid artery was loosened,
along which the filament was inserted slowly into the intra-
cranial space to an approximate depth of 9mm. After
60 min, the filament was pulled out, and the incision in the
external carotid artery was ligated. The ligature of the com-
mon carotid artery was loosened, and the skin was sutured.
The mice fully awake were then returned to their cages. The
mice in sham operation group were performed the same as
those in the operation group except the use of the filament.
Mice in TPS treated groups were given intraperitoneal injec-
tion of TPS (0, 50, 100, 150, and 200 mgkg™") every 12h for
72h after reperfusion injury. The sham and model groups
received an equal volume of saline per injection.

2.2.2. Detection of Cerebral Infarction Volume in Mice. The
heads of mice, 72h after cerebral ischemia and reperfusion,
were removed from the body and frozen at -20° C for
30 min. The brain tissues serially sectioned at 2.0 mm were
placed in 1% TTC phosphate buffer in a water bath at 37°C
for 30 min. Afterwards, the sections were scanned, and the
percentage of cerebral infarct volume to total brain volume
was calculated by Image pro plus 5.1 software. The experi-
ment was repeated 3 times.
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TaBLE 1: Primer sequence.

Gene Forward primer Reverse primer

miR-375 5'-CTTACTATCCGTTTGTTCGTTCG-3' 5'-TATGGTTGTTCTCGTCTCTGTGTC-3'
SRXN1 5' " TGCCAACCCTAGGAGGTAGA-3' 5'-CCCCAAGTTCCTGCCAGAAT-3'
Bcl-2 5'-ATCGCCCTGTGGATGACTGAG T-3' 5'-GCCAGGAGAAATCAAACAG AGGC-3'
Bax 5'.TCAGGATGCGTCCACCAAGAAG-3' 5'-TGTGTCCACGGCGGCAATCATC-3'
Caspase-3 5' " TGTGGCATTGAGACAGAC-3' 5'-CACTTGCCATACAAACTA-3'

U6 5'-CTCGCTTCGGCAGCACA-3’ 5'-AACGCTTCACGAATTTGCGT-3'
GAPDH 5'-TCCTCTGACTTCAACAGCGACAC-3' 5'-CACCCTGTTGCTGTAGCCAAATTC-3'

2.2.3. Determination of Brain Water Content. The heads of
mice, 72h after cerebral ischemia and reperfusion, were
removed from the body. The brains were obtained, and the
wet weights were recorded. The brains were then dried to
constant weight in an oven at 110-115°C to determine the
dry weight. Brain water content was calculated with the fol-
lowing formula: water content = (wet weight — dry weight)/
wet weight x 100%. Three replicates were performed.

2.2.4. H,0, Assay. The H,0, content in mouse brain tissue
was measured at 415nm using the H,O, content kit and a
microplate reader.

2.2.5. Establishment of OGD/R Model. OGD/R treatment was
utilized to simulate ischemia-reperfusion injury in vitro [20].
Briefly, the original DMEM medium was replaced with
glucose-free DMEM for further AS incubation. The cells
were incubated for 6 h in a hypoxic environment containing
5% CO,, 1% O,, and 94% N,. The AS were subsequently
transferred to normal DMEM medium and incubated for
another 24 h.

2.2.6. Cell Proliferation Detection. AS harvested by scraping
from the medium were placed in a serum-free solution,
blown into individual cells, and cultured in suspension.
The cells were then seeded onto 96-well plates at a density
of 5000 per well with 20 uL per well, and TPS (0, 10, 20,
40, and 60mg/L) were added, respectively. Afterwards, a
solution of 10uL MTT dissolved in PBS was added, and
the cells were incubated at 37°C in 5% CO, for 4-6h.
The culture solution in the wells was then removed, and
150 uL. of DMSO was added. After 10 min, the absorbance
value was detected at 570nm using a microplate reader.
Three replicates were performed.

2.2.7. Apoptosis Detection. The cells in different groups were
treated for 48h and centrifuged at 600 x g for 5min, the
supernatant was discarded, and the cells were washed once
with PBS. The cells in each group were seeded into 6-well
plates at a density of 1 x 10° and cultured for 12 h. Apoptosis
under different treatments was detected using Annexin V-
PE/7-AAD Apoptosis Kit and flow cytometer (BD Biosci-
ences, USA).

2.2.8. Real-Time Fluorescence Quantitative (qPCR). Total
RNA of MA was extracted using TRIzol and an RNA extrac-

tion kit. RNA quality and concentration were measured by
NanoDrop and uniformly diluted to 500 nguL™". RNA was
then reverse transcribed into cDNA using PrimeScript RT
and miRNA PrimeScriptTM RT kits, and primers were
synthesized by Sangon Biotech (Shanghai, China). The
SYBR Premix Ex TaqTM II kit was then used as a tem-
plate for qPCR amplification. The LightCycler ® 96 Instru-
ment (Roche, Switzerland) was used: initial denaturation at
95°C for 30s, 40 cycles of denaturation at 95°C for 5s
followed by annealing/extension at 60°C for 30s. GAPDH
and U6 were used as internal references for mRNA and
miRNA, and relative mRNA expression was calculated using
244 method. The sequences of the primers used for the fluo-
rescent quantitative PCR are shown in Table 1. Three repli-
cates were performed.

2.2.9. Western Blotting. Proteins were isolated from cells
using RIPA. The protein mixture (with loading buffer) at
the same concentration was boiled for 10 min at 95°C. Then,
20 uL of the mixture (containing 30-50 ug of sample) was
added to a plate of 10% polyacrylamide gel and subjected to
electrophoresis to separate proteins. The proteins were
transferred from the gel to a PVDF membrane, blocked,
and then incubated overnight at 4°C with primary antibod-
ies. Samples were washed with TBST and incubated with
secondary antibodies for 1h at room temperature. 3-Actin
was used as an internal reference, and grayscale was deter-
mined with Image J. Three replicates were performed.

2.2.10. Cell Transfection. Cells in the logarithmic growth
phase were taken and prepared for cell suspensions. The
1x 10° cells were seeded in 6-well plates and incubated at
37°C and 5% CO, for 24h. Lipofectamine 2000: DNA
complexes were mixed gently and then allowed to stand.
After incubation at room temperature for 20min, the
supernatant of cell culture medium was added, mixed,
and cultured for another 24h. Transfection efficiency of
miRNA or mRNA was examined using RT-PCR and West-
ern blotting. Three replicates were performed.

2.2.11. Dual-Luciferase Reporter Assay. Cells in logarithmic
growth phase were cultured in 96-well plates, and cells with
80% confluence were obtained for transfection followed by
another 48 h of culture. The 100 uL of lysate was added per
well, and the solution was centrifuged at 12000 rpm for
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FI1GURE 1: The effect of TPS on cerebral infarct volume, brain water content, and H202 content after cerebral ischemia-reperfusion injury. (a)
Infarct volumes under different TPS concentration treatments. (b) Brain water contents under different TPS concentration treatments. (c)

H202 contents under different TPS concentration treatments.

5min. The supernatant (50 L) was transferred into a 96-well
plate, and then 40 uL of firefly luciferase assay substrate was
added to each well and mixed by gentle shaking for 10s to
detect the fluorescence intensity. An additional 40 uL of
Renilla luciferase assay substrate was added to the 96-well
plate and mixed gently for 10s to measure luciferase activity
using a Glomax luminometer (Promega, USA). Three repli-
cates were performed.

2.3. Statistical Analysis. Data analyses and drawing of sta-
tistical charts were performed using a GraphPad Prism 8
software. Differences in data between groups were statisti-
cally analyzed using Student’s t-test and one-way ANOVA.
P <0.05 was considered statistically significant, P <0.01
highly significant, and P < 0.001 extremely highly significant.

3. Results

3.1. TPS Ameliorated Cerebral Ischemia-Reperfusion Injury.
The cerebral infarct area (Figure 1(a)) and brain water con-
tent (Figure 1(b)) in cerebral ischemia-reperfusion mice
showed a gradual decrease with the increase of TPS concen-
tration in the treatment groups as compared with the group
without TPS administration. The H,0O, content in the brain
tissues was measured, and it was found that the content
gradually decreased as the concentration of TPS increased
in the brain tissues with cerebral ischemia-reperfusion
injury (Figure 1(c)).

3.2. TPS Reduced OGD/R-AS Apoptosis. The effect of TPS on
AS proliferation under OGD/R treatment was examined
using MTT assay, and the results revealed that AS cell viabil-
ity was gradually enhanced with increasing TPS concentra-
tion, with the highest cell viability under 40mgL™’
treatment (Figure 2(a)). Therefore, 0 and 40 mg L™ of TPS
were used in subsequent experiments. Flow cytometry to
detect AS apoptosis revealed that 48h after the TPS
(40 mgL™") treatment, the level of AS apoptosis significantly
declined compared with that of the control group
(Figure 2(b)). Meanwhile, the results of QPCR and Western

blotting assays indicated that both mRNA and protein
expression levels of the apoptosis-inhibiting Bcl-2 were
increased, while mRNA and protein expression levels of the
apoptosis-promoting Bax and caspase-3 were inhibited
(Figures 2(c) and 2(d)).

3.3. TPS Reduced OGD/R-AS Apoptosis by Inhibiting the
Expression of miR-375. The expression of miR-375 in AS
was examined under different concentrations of TPS treat-
ment, and the results revealed that miR-375 expression
showed a decreasing trend with increasing TPS concentra-
tion (Figure 3(a)). To further examine the role of miR-375
in OGD/R-induced AS apoptosis, miR-375 mimics vector
was constructed to transfect OGD/R-treated AS. The expres-
sion of miR-375 in AS was examined using QPCR, and we
found that as compared with the control group, miR-375
mimics transfection increased miR-375 expression in AS
(Figure 3(b)). Cell proliferation was detected by MTT assay,
and the results revealed that overexpression of miR-375
inhibited cell proliferation, while the coeffect of miR-375
overexpression and TPS treatment partially suppressed cell
proliferation (Figure 3(c)). Contrary to AS proliferation, the
overexpression of miR-375 increased the apoptotic rate,
while miR-375 overexpression and TPS treatment could par-
tially alleviate apoptosis (Figure 3(d)). The results of qPCR
and Western blotting showed that the mRNA and protein
levels of apoptosis-related Bcl-2, Bax, and caspase-3 were
consistent with the cell apoptosis (Figures 3(e) and 3(f)).

3.4. MiR-375 Targeted SRXNI. The miR-375 and SRXN1
target binding sites were first predicted by bioinformatics
tools (starBase) (Figure 4(a)). In addition, the interaction
between miR-375 and SRXN1 was validated using a dual
luciferase reporter assay, and Figure 4(b) showed that the
luciferase activity was significantly lower in cells trans-
fected with miR-375 mimics+SRXNI-WT than in miR-
375 NC+SRXNI-WT transfected cells. Transfection of
SRXN1-MUT had no significant effect on the luciferase
activity. The results of QPCR and Western blotting showed
increased mRNA and proteins expression levels of SRXN1
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FiGure 2: Effects of TPS on OGD/R-AS cell viability and apoptosis. (a) Cell viability of AS under different TPS concentration treatments. (b)
Cell apoptosis rate of AS. (c) Relative mRNA expression level of apoptosis-related proteins. (d) Relative protein expression level of apoptosis-
related proteins. Note: each treatment in the figure has different lowercase letters, which means that the difference between the different
treatments is significant (P < 0.05). **P < 0.01, ***P < 0.001 compared with NC group. NC: negative control.

in cells transfected with miR-375 inhibitor (Figures 4(c)
and 4(d)).

3.5. miR-375/SRXN1 Axis Mediated TPS to Reduce OGD/R-
Induced AS Injury. First, the transfection efficiency as well
as the effect of overexpression of miR-375 on SRXN1 expres-
sion in AS were examined using qPCR and Western blotting.
It was found that SRXN1 overexpression increased mRNA
levels and protein levels of SRXN1lin OGD/R-treated AS,
whereas miR-375 overexpression suppressed the mRNA
and protein levels of SRXN1. Furthermore, overexpression
of SRXN1 and miR-375 could restore the suppressed SRXN1
expression (Figures 5(a) and 5(b)). Subsequently, the effect
of miR-375/SRXN1 on cell viability and apoptosis was
examined. The overexpression of SRXN1 and TPS treatment
significantly increased cell viability, whereas overexpression
of SRXN1 and miR-375 showed no difference in cell viability
(Figure 5(c)). Compared with TPS treatment, the coeffect of
overexpression of SRXN1 and TPS treatment resulted in a
lower rate of apoptosis, but there was no difference in apo-
ptosis when SRXN1 and miR-375 were cooverexpressed
(Figure 5(d)). The qPCR and Western blotting results
showed that SRXN1 overexpression along with TPS treat-
ment increased the expression of Bcl-2, the inhibitor of apo-

ptosis protein, and decreased the expression of Bax and
caspase-3, the proapoptotic proteins, while simultaneous
overexpression of SRXN1 and miR-375 restored the expres-
sion levels of Bcl-2, Bax, and caspase-3 to the levels when
only TPS was added (Figures 5(e) and 5(f)).

4. Discussion

As food-derived polysaccharides, TPS are widely found in
various teas such as black tea, green tea, and dark green tea
[21] and has been proven to have many biological functions.
Moreover, we confirmed in this study that TPS alleviates
OGD/R-induced AS apoptosis in vitro, and verified its possi-
ble molecular mechanism.

Cerebral ischemia and reperfusion triggers a series of
inflammatory reactions, oxidative stress, and apoptosis,
which leads to the breakdown of the blood-brain barrier,
resulting in brain edema and exacerbation of nerve injury.
There is evidence that AS-derived factors play a critical
role in the destruction and recovery of the blood-brain
barrier following brain injury [22]. AS have been used as
a major therapeutic target in brain diseases, and studies
have shown that better control of AS helps reduce brain
injury in various experimental animal models [4].
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Therefore, AS are essential for protecting the integrity of Accumulating evidence suggests that miRNAs act as
the blood-brain barrier. Our study also demonstrated that ~ key modulators of cellular activation and inflammatory
OGD/R-AS treated by TPS show significant increase in responses [23]. Guo et al. [24] reported that miR-375
its activity. induced ROS production and apoptosis in cells by
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targeting HIGD1A. MiR-375 (miR-375) plays an impor-
tant role in the development and progression of cervical
cancer, inhibits cell proliferation, and promotes apoptosis
by targeting IGF-1R [25]. In addition, upregulation of
miR-375 can also inhibit HCC cell proliferation and pro-
mote apoptosis by targeting ErbB2 [26]. We found in this
study that miR-375 could modulate AS activity by target-
ing SRXNI1. The antioxidant role of SRXNI has been
widely reported, and SRXN1 protects brain tissue from
damage by regulating glutathionylation/deglutathionyla-
tion in Parkinson’s disease [27]. Moreover, induction of
SRXN1 expression contributes to neuronal protection in
response to oxygen-glucose deprivation after brief ische-
mic episodes in vitro and in vivo [28]. However, there
are few reports on the role of SRXNI in cerebral
ischemia-reperfusion injury and apoptosis-induced injury.
In our study, TPS was found to indirectly regulate
SRXN1 expression through miR-375, suggesting a protec-
tive role of SRXN1 in AS apoptosis that was caused by
oxidative stress. It also provided a basis for studying the
molecular mechanism of SRXN1 in cerebral ischemia-
reperfusion injury.

However, this study also has some limitations. The
blood-brain barrier in the body can effectively filter sub-
stances entering and exiting the brain to protect the brain

from external damage [29]. TPS, as a macromolecule, like
other drugs in the body, may be restricted by the blood-
brain barrier from entry into the brain. The results of this
study showed that brain injury was significantly reduced
after TPS treatment in mice, which may be due to the fact
that some small pivotal components of TPS can permeate
through the membrane of the intestinal epithelial barrier
and blood-brain barrier. It has been reported that blood
brain barrier permeability via caveolae-dependent endocy-
tosis transports small molecules such as lipids into the
brain [30]. However, it is necessary to further determine
the small molecules that play a role in TPS, in order to
promote the further study on protective effect of TPS on
cerebral ischemia-reperfusion injury. In addition, given
that the small molecules may regulate miRNAs by activat-
ing a series of complex intracellular signaling pathways to
after entering the cell, studying the mechanism of miRNA
regulation by polysaccharides in vivo also helps to explain
how polysaccharides exert anti-inflammatory and antioxi-
dant effect. Therefore, there is an urgent need to find a
way to get the active molecules through the blood-brain
barrier into the brain.

In summary, our study demonstrated that TPS alleviates
AS injury induced by cerebral ischemia reperfusion both
in vivo and in vitro, which is based on the inhibition of AS
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