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ORIGINAL ARTICLE

Anti-inflammatory effects of paeoniflorin caused by regulation of the hif1a/miR-
210/caspase1/GSDMD signaling pathway in astrocytes: a novel strategy for
hypoxia-induced brain injury in rats

Zhenxiu Jianga,b, Jun Chenb, Jiangjun Chenb, Zelin Leic, Hailin Chend, Jiqiang Wuc, Xue Baic, Pingping Wanyane

and Qin Yua,c

aThe First Clinical Medical College, Lanzhou University, Lanzhou, China; bDepartment of Neurology, The First Hospital of Lanzhou University,
Lanzhou, China; cDepartment of Respiration, The First Hospital of Lanzhou University, Lanzhou, China; dSchool of Basic Medical Science,
Lanzhou University, Lanzhou, China; eDepartment of Nephrology, The Second Hospital of Lanzhou University, Lanzhou, China

ABSTRACT
Context: Hypoxia-induced injury is a classic symptom of obstructive sleep apnea hypopnea syndrome
(OSAHS), which is a risk factor of various diseases, such as hypertension, heart failure and stroke.
However, there is no effective therapy for hypoxia-induced injury or OSAHS due to the elusive mech-
anism involved.
Objective: This study aimed to assess the effects of paeoniflorin on hypoxia-induced injury and
explore the underlying mechanism.
Materials and methods: Hypoxic models of SD rats and CTX-TNA2 cells were used to assess the effect
of paeoniflorin, and the expressions of hif1a, miR-210, caspase1 and GSDMD were detected using
western blots and RT-PCR. Plasmid transfection was performed to explore the role of miR-210 in the
effect of paeoniflorin.
Results: Firstly, we confirmed that hypoxia induced severe neuronal injury and an enhancement of
inflammation in the rat brain, with elevated expression of caspase1, IL1b and IL18. In addition, the
results showed an activation of astrocytes and an increased level of pyroptosis under hypoxic condi-
tions, which suggested a critical role of pyroptosis in hypoxiainduced injury of the brain. Furthermore,
we found that compared with the controls, paeoniflorin treatment improved hypoxia-induced pyropto-
sis in astrocytes. Moreover, we detected the activation of hif1a/miR-210 signaling in the effects of
paeoniflorin on astrocytes. As expected, the expression of hif1a and miR-210 was significantly upregu-
lated in astrocytes when exposed to hypoxia, while paeoniflorin treatment reversed these enhance-
ments. After transfection of miR-210 mimics, the attenuation of pyroptosis induced by paeoniflorin
was suppressed, which was accompanied by an increase of ROS levels, as well as LDH release, indicat-
ing a critical role of miR-210 in pyroptosis in astrocytes.
Conclusions: Our findings demonstrated that paeoniflorin improved hypoxia-induced pyroptosis in
astrocytes via depressing hif1a/miR-210/caspase1/GSDMD signaling, providing robust evidence for the
treatment of hypoxic injury and OSAHS.

HIGHLIGHTS

� Hypoxia induces severe injury and inflammatory response in the rat brain;
� Hypoxia enhanced pyroptotic level and led to an activation of astrocytes.;
� Paeoniflorin alleviates hypoxia-induced pyroptosis in astrocytes;
� Transfection of miR-210 mimics suppressed the effects of paeoniflorin on hypoxia-induced pyropto-
sis in astrocytes.
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1. Introduction

It is well known that obstructive sleep apnea hypopnea syn-
drome (OSAHS) has been the most prevalent form of sleep-

disordered breathing in recent years, which is characterized
by recurrent attacks of total or partial upper airway obstruc-
tion during nocturnal sleep, causing frequent apnea and

hypopnea. Various studies have shown that recurrent epi-
sodes of apnea and hypopnea cause a series of

pathophysiological changes, such as chronic intermittent
hypoxia, systemic inflammation and increased oxidative
stress, as well as metabolic disorders [1]. In addition, OSAHS
leads to severe clinical features, including CO2 retention, dis-
ordered sleep architecture and autonomic dysfunction. An
epidemiological study showed that OSAHS is a high-risk fac-
tor for cerebrovascular diseases, including hypertension, ath-
erosclerosis and stroke [2]. However, there is no effective
drug to treat OSAHS.
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As a subtype of glial cells in the brain, astrocytes can be
activated under chronic hypoxia, which is accompanied by
increased expression of GFAP [3]. For instance, compared to
the controls, astrocyte activation increased in the brains of
mice after 6 h of hypoxia. Notably, the activation of astro-
cytes is always accompanied with caspase1 activation and a
high level of pyroptosis in astroglial cells [4]. A study showed
that chronic ethanol treatment enhanced the activation of
astrocytes and increased the expression of caspase-1, IL-1b
and IL-18 in the frontal medial cortex in mice. Moreover,
studies have demonstrated that pyroptosis, an inflammatory
form of cell death, is driven by NALP3 inflammasomes,
including caspase1, Asc and NLRP3, resulting in cleavage of
gasdermin D and activation of inactive cytokines, such as IL-
18 and IL-1b [5]. In astrocytes, enhanced pyroptosis acceler-
ates cell death and aggravates brain injury [6]. Therefore, it is
urgent to explore strategies to improve the activation of
astrocytes and inhibit pyroptosis.

As a natural product extracted from Paeonia lactiflora,
paeoniflorin exhibits anti-inflammatory and anticancer
effects. For example, in mice models, paeoniflorin treatment
significantly improves the high levels of plasma aminotrans-
ferase and liver necrosis in Con A-induced hepatitis, which
inhibits the secretion of proinflammatory cytokines such as
IL-1b and IL-18 [7]. Moreover, recent findings have suggested
that paeoniflorin suppresses cell proliferation and apoptosis
in pituitary tumor cells by regulating cleaved caspase-9 and
caspase-3 [8], which indicates an enhancement of pyroptosis
after paeoniflorin treatment. However, the effect of paeoni-
florin on hypoxia-induced pyroptosis is still unclear.

In this study, we assessed the level of inflammatory cyto-
kines after treatment of intermittent hypoxia. Moreover, we
explored the level of pyroptosis and detected the expression
of GSDMD in astrocytes. Furthermore, we estimated the
effect of paeoniflorin on pyroptosis in astrocytes in the hyp-
oxic model. Finally, we detected the role of miR-210 after
paeoniflorin treatment by transferring miR-210 mimics.

2. Methods

2.1. Animals

In the study, 3-month-old male SD rats were purchased from
the Animal Experimental Center of Lanzhou University.
Before the experiment, all animals were fed with a standard
chow diet for 7 days and then randomly assigned into four
groups: control, slight hypoxia, moderate hypoxia and severe
hypoxia. All experiments were approved by the Ethics
Committee of Animal Experimentation at The First Hospital
of Lanzhou University (No. LDYYLL2019-234).

2.2. Cell culture and chemicals

CTX-TNA2 rat astrocytes were kindly gifted by Dr. Zhao from
Peking University in China and maintained in DMEM (11965092,
Gibco) containing 10% FBS (P30-3301; Pan) and 1% penicillin-
streptomycin (15140-122; Gibco). Astrocytes were cultured at
37�C under a water-saturated atmosphere of 5% CO2. To

establish the hypoxic model, astrocytes were incubated in glu-
cose and serum-free DMEM and exposed to 1% O2 for the indi-
cated time periods. Paeoniflorin was obtained from Selleck
(S2410). Water was used as a negative control.

2.3. Experimental design

Twenty rats were used in the study (n¼ 5 for each group).
The hypoxic model was established according to a previous
study [9]. Briefly, all experimental animals were placed in a
chamber and exposed to intermittent hypoxia. The chamber
was alternatively filled with 8.5% oxygen and compressed air
for 2min (compressed air for 1min and 8.5% oxygen for
1min). This hypoxic experiment was done for 8 h per day in
a specified period. A digital oxygen analyzer (CYS-1, XLYBC)
was used to monitor the oxygen concentration. The animals
of slight, moderate and severe hypoxic models underwent
hypoxic exposure for 1, 2 and 3weeks, respectively. No rats
died in this study during the treatment period. After hypoxic
treatment, rats were killed via CO2 inhalation and the tissues
were collected for further research.

2.4. Cell viability analysis

CTX-TNA2 cells were cultured (1�106 per well) in 6-well
plates and their viability was assessed using the MTT assay
(M1020, Solarbio) according to the manufacturer’s
instructions.

2.5. Histopathology analysis and electron microscopy

Firstly, the tissue was embedded in paraffin according to
standard procedures and cut into slices measuring 5 um.
Then, H&E staining (G1120, Solarbio) was performed on the
slices to visualize the pathological changes in the brain.
Fibrosis was detected by Masson staining (G1345, Solarbio).
Histopathology images were acquired with a light micro-
scope (Olympus, Tokyo, Japan). For the electron microscopy
assay, cortical tissues measuring 1mm2 were isolated from
the rat brain and immediately fixed in 4% glutaraldehyde for
2 h at room temperature. Then, a transmission electron
microscope was used to detect the slight changes in the rat
brain according to the manufacturer’s instructions.

2.6. Rna isolation and quantitative RT-PCR

All procedures were performed as described previously [10].
Firstly, according to the manufacturer’s instructions, total
RNA in rat brain samples was extracted by using TRIzol
reagent (15596-026; Invitrogen). Then, the RNA sample was
reverse-transcribed into cDNA with the Transcriptor First-
Strand cDNA Synthesis Kit (04896866001; Roche). For the
qPCR assay, the ABI-Quant studio 5 system and SYBR Green
(-01; TransGen) were used. The mRNA expression levels of
the target genes in the brain were normalized to that of
b-actin expression. The primer pairs used in this study are
listed in the Supplementary Table.
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2.7. Protein isolation and Western blot analysis

Total protein was isolated from rat brain samples using RIPA
buffer (R0020, Solarbio), which contains 1% protease inhibi-
tor cocktail (B14001; Bimake) and 1% phosphatase inhibitor
(B15001; Bimake). Then, BCA Protein Assay Kit (P1511-1,
Applygen) was used to determine the concentration of lys-
ate. After separation using 10% SDS-PAGE, the proteins were
electro-transferred to PVDF membranes (IPVH00010;
Millipore). Furthermore, the membranes were blocked with
5% milk in TBST for 2 h at room temperature and incubated
with primary antibodies at 4 �C overnight. After being
washed with TBST, the membranes were incubated with
HRP-conjugated secondary antibodies for 2 h. Finally, the
immunoreactive bands were visualized using Clarity Western
ECL Substrate (170-5060; Bio-Rad) and a Bio-Rad System (Bio-
Rad, Hercules, CA, USA) after five cycles of washing with
TBST. Actin acted as a control. In this study, antibodies
against caspase1 (A0964) and actin (AC026) were obtained
from ABclonal. Antibodies specific for IL1b (ab254360), IL18
(ab191860), GSDMD (ab219800), NLRP3 (ab263899), GFAP
(ab7260) and Hif1a (ab92304) were purchased from Abcam.
The dilution ratio for primary antibodies was 1:2000. The sec-
ondary antibodies were peroxidase AffiniPure goat anti-rab-
bit-IgG (Hþ L) (BF03008X) and goat anti-mouse-IgG (Hþ L)
(BF03001X) obtained from Biodragon. The secondary anti-
bodies were used at a 1:5000 dilution.

2.8. Plasmid transfection

The miR-210 mimics and the negative control were procured
from GenePharma (Shanghai, China). Cells were seeded in 6-
well plates at a density of 1� 106 per well and transfected
by using Lipofectamine 2000 reagent (11668-027, Invitrogen)
according to the manufacturer’s instructions. The astrocytes
were collected for further study after plasmid transfection
for 48 h.

2.9. Reactive oxygen species (ROS) assay

Cells were seeded at 1� 106 cells per well in 6-well plates. The
ROS level was detected by using a DCFH-DA probe (D6470,
Solarbio) according to the manufacturer’s instructions. After
incubation with DCFH-DA probe for 30min at 37 �C, the cells
were washed three times with PBS. The absorbance of samples
was assessed at 525nm using a microplate reader.

2.10. Relative LDH release assay

The experiments were performed as described previously
[11]. Briefly, cells were collected after all treatments and cen-
trifuged at 1000 rpm for 2min. Furthermore, a commercial kit
(BC0685, Solarbio) was used to detect the relative LDH
release according to the manufacturer’s instructions.
Measurements were performed on an automatic plate reader.
The relative intensity of LDH was determined at 490nm.

2.11. Statistical analysis

All experimental data are expressed as means ± SD.
GraphPad Prism 8.0 and Image J software were used to
quantify and analyze differences among the various treat-
ment groups by two-tailed Student’s t-test or one-way
ANOVA followed with Bonferroni’s post hoc analysis or
Tamhane’s post hoc analysis. All data were collected in a
blinded fashion. No data were excluded in the study.
Differences were deemed statistically significant at p< 0.05.

3. Results

3.1. Hypoxia induces brain injury and inflammation
in rats

OSAHS induces severe clinic features such as frequent apnea
and chronic hypoxia. In this study, we established a hypoxic
model to access the pathological changes in the rat brain.
Cortical sections were prepared for histopathological investi-
gation. Hypoxia treatment led to significant increases of
neuronal cell death, swelling of neurons and widening of
pericellular spaces in cortical tissue when compared to the
control mice; this was accompanied by irregularly arranged
collagenous fibers, while some fibers were broken (Figure
1(A,B)). Similar to the results of H&E and Masson staining, in
rat brain samples under hypoxic conditions, we observed
degenerative neurons, disrupted base membranes and sig-
nificant swelling and deformation in the cytoplasm and mito-
chondrion, as assessed by using electron microscopy (Figure
1(A)). Notably, the thickness of blood vessel walls increased
with the severity of hypoxia (Figure 1(B)). Furthermore, we
detected the inflammatory response after hypoxic treatment.
Compared to the controls, hypoxic rat brain samples exhib-
ited severe inflammation, including elevated expression of
caspase1, IL1b, IL18 and NLRP3 (Figure 1(C–E)).

3.2. Hypoxia leads to an activation of astrocytes and an
enhancement of pyroptosis in the rat brain

In a previous study, we have confirmed that hypoxia ele-
vated the expression of inflammatory markers in the rat
brain, indicating an activation of astrocytes, which can
secrete inflammatory cytokines under hypoxic conditions
[12]. Thus, we detected the activation levels of astrocytes in
rat brain samples. As expected, there was a marked increase
of GFAP expression after hypoxic treatment compared to the
control mice (Figure 2(A,B)). Moreover, caspase1 and IL1b
were positively associated with GSDMD [13], which has been
proven to play a critical role in pyroptosis. Therefore, we also
assessed the expression levels of GSDMD in hypoxic rat brain
samples. The results showed that hypoxia significantly aggra-
vated the expression of GSDMD, as assessed by qPCR and
Western blot assays (Figure 2(C,D)). In parallel, we extracted
the astrocytes in cortical sections and detected the expres-
sion of GSDMD. Results showed that the expression of
GSDMD significantly increased in mRNA and protein levels
(Figure S1), which demonstrated that hypoxia was able to
induce pyroptosis in astrocytes. In addition, we performed an
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LDH release assay and detected the ROS levels in rat brain
samples. Compared to the control rats, hypoxia induced an
enhancement of LDH release and ROS levels (Figure 2(E,F)).

3.3. Paeoniflorin improves hypoxia-induced pyroptosis
in astrocytes

Next, we used an OGD model to assess the influence of hyp-
oxia on astrocytes in vitro. We found that hypoxia signifi-
cantly reduced cell proliferation in astrocytes by using MTT
assay (Figure 3(A)). Moreover, the results also showed that

the level of pyroptosis was remarked enhanced upon hyp-
oxic conditions, including an elevation of the intracellular
ROS level, an increase of LDH release and an upregulated
expression of GSDMD and caspase1, as well as IL1b (Figure
3(B,E)). Previous studies have demonstrated that paeoniflorin
exhibits anti-inflammatory effects and suppresses the secre-
tion of IL-1b and IL-18 [14]. Thus, we explored whether paeo-
niflorin treatment improved hypoxia-induced injury in
astrocytes. Compared to the controls, administration of paeo-
niflorin significantly alleviated the reduced cell viability
induced by hypoxia (Figure 3(F)). Furthermore, we detected
the inflammatory response and the levels of pyroptosis after

Figure 1. Hypoxia-induced injury and inflammatory response in the rat brain. (A) Representative images using H&E and Masson staining, as well as electron micros-
copy, under hypoxic conditions. (B) Quantification of H&E and Masson staining. (C) The qPCR analyses of the relative mRNA levels of caspase1, IL18, IL1b and
NLRP3 in the rat brain under hypoxic conditions. Gene expression was normalized to the b-actin mRNA level. Note: �p< 0.05, ��p< 0.01, ���p< 0.005. (D-E)
Representative Western blot analysis and quantification of caspase1, IL18, IL1b and NLRP3 protein in the rat brain under hypoxic conditions. Protein expression
was normalized to b-actin levels. All experiments were repeated at least three times.
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paeoniflorin treatment. As expected, paeoniflorin suppressed
hypoxia-induced enhanced expression of GSDMD, caspase1
and IL1b (Figure 3(G,H)). In addition, the raised levels of LDH
release and intracellular ROS were inhibited by paeoniflorin
administration (Figure 3(I–J)).

3.4. Paeoniflorin exhibits anti-pyroptosis effects by
regulating the hif-1a/caspase1/GSDMD pathway

As is known, the expression of hif1a is significantly enhanced
under hypoxic conditions. In a previous study, we proved
that paeoniflorin improved hypoxia-induced pyroptosis on
astrocytes. Thus, we detected the role of hif1a in the effects
of paeoniflorin. Firstly, we found that paeoniflorin alleviated
the enhanced expression of hif1a under hypoxic conditions
(Figure 4(A)). Then, we assessed whether treatment of paeo-
niflorin affected the expression of miR-210, which is a key
downstream target of hif1a. As expected, the expression of
miR-210 was significantly reduced after paeoniflorin adminis-
tration. Furthermore, we transferred the miR-210 mimics into
astrocytes to precisely examine the role of miR-210. The
results showed that the mimics’ transfection reversed the
improvement of cell viability induced by paeoniflorin treat-
ment (Figure 4(C)). Importantly, overexpression of miR-210 in
astrocytes suppressed the decreased level of pyroptosis after
paeoniflorin administration, which was accompanied by
upregulated expression of caspase1, GSDMD and IL1b
(Figure 4(D,E)). Moreover, we also found that transfection of
miR-210 mimics accelerated LHD release and ROS levels

compared to single treatment with paeoniflorin, suggesting
that paeoniflorin protected hypoxia-induced injury in astro-
cytes by regulating the hif1a/miR-210/caspase1/GSDMD axis.

4. Discussion

Recently, OSAHS has become very common in society,
greatly affecting people’s lives, however there is no effective
approach to treat OSAHS due to its complex pathophysi-
ology [15]. In clinical settings, the mainstay of treating
OSAHS is n-CPAP, which maintains the patient’s airway dur-
ing sleep [16]. However, the compliance of this treatment is
still elusive. Hence, it is urgent to explore potential drugs
and examine the underlying mechanisms. In our study, we
found that pyroptosis was enhanced in the rat brain under
hypoxic conditions. Then, we identified paeoniflorin as a
potential drug to improve hypoxia-induced injury on astro-
cytes via the hif1a/miR-210/caspase1/GSDMD pathway, which
provided strong evidence to support paeoniflorin as a novel
option for the treatment of OSAHS.

Pyroptosis is a specific form of cell death characterized by
an activation of caspase1, which is crucial for innate immu-
noreaction [17]. Activation of caspase1 leads to clearance of
gasdermin D and further generates an N-terminal cleavage
product, which promotes the release of inflammatory cyto-
kines such as IL-1b and IL18 [18]. Previous studies have dem-
onstrated a critical role of pyroptosis in various physiological
processes. For instance, oxLDL-induced pyroptosis in macro-
phages has a key effect on atherosclerosis and plaque

Figure 2. Hypoxia activated astrocytes and enhanced pyroptosis in the rat brain. (A) The qPCR analyses of the relative mRNA levels of GFAP in the rat brain under
hypoxic conditions. Gene expression was normalized to b-actin mRNA levels. Note: �p< 0.05, ��p< 0.01. (B) Representative Western blot analysis of GFAP in the
rat brain under hypoxic conditions. Protein expression was normalized to b-actin levels. (C) The qPCR analyses of the relative mRNA levels of GSDMD in the rat
brain under hypoxic conditions. Gene expression was normalized to the b-actin mRNA level. Note: �p< 0.05, ��p< 0.01. (D) Representative Western blot analysis
of GSDMD in the rat brain under hypoxic conditions. Protein expression was normalized to b-actin levels. (E) Analysis of ROS levels in the rat brain upon hypoxic
conditions. Note: �p< 0.05, ��p< 0.01. (F) Analysis of LDH release in the rat brain upon hypoxic conditions. ��p< 0.01. All experiments were repeated at least
three times.
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stability [19]. OxLDL activates NLRP3 and caspase1 and indu-
ces the cleavage of GSDMD in macrophages, which is accom-
panied by the release of IL18 and IL1b [12]. Moreover, one
study showed an enhancement of pyroptosis in C2C12 myo-
blasts under hypoxic conditions [20]. Thus, we supposed that
the rat brain could exhibit similar results under hypoxic treat-
ment. As expected, hypoxia induced an enhancement of the
inflammatory response in the rat brain compared to the con-
trol group, which indicated an activation of astrocytes.

Furthermore, we found that the level of pyroptosis was
increased after hypoxic administration. Notably, in an in vitro
study, hypoxia also suppressed the cell viability and aggra-
vated the level of pyroptosis in astrocytes. These results pro-
vided evidence to confirm an important role of pyroptosis in
astrocytes in hypoxia-induced injury in the rat brain.

A previous study reported that paeoniflorin is able to
alleviate the inflammatory response in various diseases,
such as hepatic steatosis [21], intestinal ischemia or

Figure 3. Effects of paeoniflorin on hypoxia-induced pyroptosis in astrocytes. (A) Cell viability of astrocytes under hypoxic conditions. Note: �p< 0.05, ��p< 0.01.
(B) Representative Western blot analysis of GSDMD, caspse1and IL1b on astrocytes under hypoxic conditions. Protein expression was normalized to b-actin levels.
(C) The qPCR analyses of the relative mRNA levels of GSDMD, caspse1and IL1b on astrocytes under hypoxic conditions. Gene expression was normalized to b-actin
mRNA levels. Note: �p< 0.05, ��p< 0.01. (D) Analysis of ROS levels in astrocytes upon hypoxic conditions. Note: ��p< 0.01, ���p< 0.005. (E) Analysis of LDH
release in astrocytes upon hypoxic conditions. Note: �p< 0.05, ��p< 0.01. (F) Cell viability of astrocytes after paeoniflorin treatment under hypoxic conditions.
Note: �p< 0.05, ��p< 0.01. (G) The qPCR analyses of the relative mRNA levels of GSDMD, caspse1and IL1b of astrocytes after paeoniflorin treatment under hypoxic
conditions. Gene expression was normalized to b-actin mRNA levels. Note: �p< 0.05, ��p< 0.01, ���p< 0.005. (H) Representative Western blot analysis of
GSDMD, caspse1and IL1b of astrocytes after paeoniflorin treatment under hypoxic conditions. Protein expression was normalized to b-actin levels. (I) Analysis of
ROS levels in astrocytes after paeoniflorin treatment under hypoxic condition. Note: �p< 0.05, ���p< 0.005. (J) Analysis of LDH release in astrocytes after paeoni-
florin treatment under hypoxic conditions. Note: �p< 0.05, ���p< 0.005. All experiments were repeated at least three times.
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reperfusion [22] and neuroinflammation [23]. Ji et al. found
that when exposed to CoCl2 for 24 h, endothelial cells
exhibited decreased cell viability and an elevated apoptosis
rate, which was converted by paeoniflorin treatment [24].
These results suggest a protective effect of paeoniflorin
against hypoxia-induced apoptosis in endothelial cells. In
addition, paeoniflorin remarkedly activates LKB1/AMPK sig-
naling and promotes autophagy to protect against intes-
tinal ischemia or reperfusion, both in vivo and in vitro [25].
Notably, compared to the saline group, paeoniflorin treat-
ment activates the A2B adenosine receptor and inhibits cell
proliferation in pulmonary artery smooth muscle cells [26]. In
our study, paeoniflorin showed a protective effect on the
decreased cell viability induced by hypoxia in astrocytes.
Furthermore, the results demonstrated that paeoniflorin treat-
ment alleviated hypoxia-induced enhancement of pyroptosis
in vitro, which was accompanied by a decrease of ROS levels
and LDH release, indicating that paeoniflorin improved cell via-
bility by suppressing pyroptosis in astrocytes under hyp-
oxic conditions.

Additionally, microRNA, a type of small, non-coding RNA
molecule, has been proven to exhibit a series of functions
under hypoxic conditions. For instance, Hu et al. found that
miR-215 is induced by hypoxia and inhibits the expression of
KDM1B, further promoting glioma-initiating cells to fit the
hypoxic microenvironment, which reveals a direct role of
HIF1a in the regulation of miRNA biogenesis [27]. Moreover,
Satishchandran identified miR-122 as an upstream target of
hif1a to improve alcoholic liver disease by reducing hif1a
expression in mice and patients [28]. In a previous study, we
found that paeoniflorin could alleviate pyroptosis by downre-
gulating hif1a expression. As a direct target of hif1a, various
research studies have revealed the critical role of miR-210 in
pathological processes when exposed to hypoxia. A study
showed that miR-210 can regulate the expression of hif1a
via negative feedback signaling. In a hypoxic condition, miR-
210 decreases the hif1a transcriptional level and inhibits the
secretion of inflammatory cytokines in T cells [29]. In our
study, we explored the role of miR-210 in the effect of paeo-
niflorin on the improvement of hypoxia-induced injury in

Figure 4. Role of imR-210 in the effects of paeoniflorin on astrocytes in response to hypoxic exposure. (A) Representative western blot analysis of hif1a of astro-
cytes after paeoniflorin treatment upon hypoxic condition. Protein expression was normalized to b-actin levels. (B) qPCR analyses of the relative mRNA levels of
miR-210 on astrocytes after paeoniflorin treatment. ��p< 0.01. (C) Cell proliferation rate of astrocytes after transfection of miR-210 mimics. ��p< 0.01. (D) qPCR
analyses of the relative mRNA levels of GSDMD, caspse1and IL1b of astrocytes after transfection of miR-210 mimics. Gene expression was normalized to b-actin
mRNA level. �p< 0.05, ��p< 0.01. (E) Representative western blot analysis of GSDMD, caspse1and IL1b of astrocytes after transfection of miR-210 mimics. Protein
expression was normalized to b-actin level. (F) Analysis of LDH release in astrocytes after transfection of miR-210 mimics. �p< 0.05, ��p< 0.01. (J) Analysis of ROS
level in astrocytes after transfection of miR-210 mimics. �p< 0.05, ��p< 0.01. All experiments were repeated at least three times.
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astrocytes. The results showed that paeoniflorin improved
hypoxia-induced pyroptosis on astrocytes by depressing
hif1a/miR-210 signaling. After transfection of miR-210 mimics,
the alleviation of pyroptosis induced by paeoniflorin treat-
ment was converted in astrocytes. Compared to single treat-
ment of paeoniflorin, mimic transfection elevated the
expression of caspase1, GSDMD and IL1b, indicating an
increased level of pyroptosis. Meanwhile, overexpression of
miR-210 promoted LDH release and increased the intracellu-
lar ROS level. Briefly, the results demonstrated that miR-210
played a key role in the protective effect of paeoniflorin
against hypoxia-induced pyroptosis in astrocytes.

5. Conclusion

We identified paeoniflorin as a potential drug to alleviate
hypoxia-induced pyroptosis by inhibiting the activation of
hif1a/miR-210/caspase1/GSDMD signaling. Administration of
paeoniflorin suppressed the high level of pyroptosis in astro-
cytes under hypoxic conditions. However, transfection of
miR-210 mimics reversed the protective effect of paeoni-
florin. This is the first study to reveal the important role of
miR-210 in the regulation of pyroptosis and to identify paeo-
niflorin as a potent molecular target to improve pyroptosis
in astrocytes. In the future, we will assess the effects of paeo-
niflorin in vivo upon hypoxic conditions, with the aim of pro-
viding robust evidence to treat OSAHS-induced brain injury
in clinical settings.
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