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Abstract

Background/Aims: Recent researches highlighted the protective potential of pioglitazone,
a PPAR-¥ agonist, in the progression of cerebral ischemia-reperfusion injury. However, there
has been no study on the application of pioglitazone in treating ischemic stroke through
mechanisms involving pyroptosis. Methods: The cerebral injury was established by middle
cerebral artery occlusion (MCAO). in vitro ischemia in primary cultured astrocytes was induced
by the oxygen-glucose deprivation (OGD). ELISA and Western Blot analysis were employed to
the levels of PPAR-¥, pyroptosis-related biomarkers and cytoplasmic translocation of HMGB-
1 and RAGE expression as well as Racl activity, respectively. Results: We demonstrated
that repeated intraperitoneal administration of pioglitazone remarkably reduced the infarct
volume, improved neurological deficits and suppressed the Racl activity with significant
reduction of excessive ROS in rat model of middle cerebral artery occlusion (MCAO). Moreover,
pioglitazone alleviated the up-regulation of pyroptosis-related biomarkers and the increased
cytoplasmic translocation of HMGB-1 and RAGE expression in cerebral penumbra cortex.
Similarly, the protective effects of pioglitazone on cultured astrocytes were characterized
by reduced Racl activity, pyroptosis related protein expressions and lactate dehydrogenase
(LDH) release. However, these protective effects of pioglitazone were neutralized with the use
of GW9662, a PPAR-¥ inhibitor. Interestingly, Racl knockdown in lentivirus with the Racl small
hair RNA (shRNA) could inhibit the OGD-induced pyroptosis of primary cultured astrocytes.
Furthermore, the combination of Racl-shRNA and pioglitazone can further strengthen
the inhibitory effects on pyroptosis induced by OGD. Conclusion: The neuroprotection of
pioglitazone was attributable to the alleviated ischemia/hypoxia-induced pyroptosis and was
also associated with the PPAR¥-mediated suppression of HGMB-1/RAGE signaling pathway.

Moreover, the inhibition of Racl promoted this function. © 2018 The Author(s)
Published by S. Karger AG, Basel
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Introduction

Perioperative stroke caused by cerebral ischemia or cerebral hemorrhage can happen
during the surgery operation or 3 to 30 days after surgery [1, 2]. With the aging society
in China, the incidence and mortality of perioperative stroke are getting higher and higher,
leading to huge economic and emotional losses to the society and patients’ families.

Growing evidence showed that inflammatory response plays a crucial role in the
progression of neuronal loss and ischemia brain injury [3, 4]. Pyroptosis, a unique caspase-
1-dependent programmed cell death, is associated with the release of inflammatory
cytokines, making pyroptosis morphologically and mechanistically different from apoptosis
and necrosis. Several studies have indicated that pyroptosis was a major cause of infectious
disease, nervous system disorders, and atherosclerosis [5-7].

NOD-like receptor protein 3 (NLRP3) inflammasome, a multiprotein complex, consists
of NLRP3, ASC (apoptosis-associated speck-like protein containing a CARD), and pro-
caspase-1,and can turn on the inflammatory response. Numerous studies have indicated that
NLRP3 inflammasome plays a big role in the development of pyroptosis [8, 9]. Its activation
by danger signals can mediate the maturation of capase-1, which results in the conversions
of precursors of interleukin-13 and 18 into their active forms [10]. Recent researches further
demonstrated that pyroptosis mediated the death of renal tubule epithelial cells after renal
ischemia reperfusion injury [11, 12]. Therefore, it is of great significance to understand the
mechanism that suppresses the inflammatory response and is responsible for the pyroptosis
inhibition during the development and progression of cerebral ischemia injury.

Peroxisome proliferator activated receptors (PPARs) belong to the nuclear receptor
super family. The PPAR-¥ isoform plays an important role in attenuating neurodegenerative
and inflammatory processes in the brain [13, 14]. Recent data from animal experiments
demonstrated that PPAR-¥ agonists confer neuroprotection and neurological improvement
following cerebral ischemia [15-18]. Moreover, In the clinic practice, PPAR-¥ ligand
pioglitazone reduced the incidence of stroke in patients with type 2 diabetes [19] . The
neuroprotection observed after treatment with PPARs agonists is related to several
mechanisms including both oxidative stress modulation and anti-inflammatory effect.
Pioglitazone is able to decrease inflammatory responses, by the mechanisms involved in
inhibition of the nuclear transcription factor kappa B (NF-kB) p65 monomer as well as
induction of IkBa (inhibitory kB) [15]. Furthermore, the role of suppression of activation
of p38 mitogen activated protein kinase (MAPK) has also been demonstrated recently [16].
Importantly, down-regulating cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) expression, PPAR-y agonists affect the generation of reactive oxygen species (ROS)
[17,18].

Neurons localized in the ischemia core die rapidly after cerebral ischemia because of
dramatic reduction of local cerebral blood flow, which is characterized by the high production
of ROS. Excessive ROS production also promotes the accumulation and activation of
proinflammatory cytokines in ischemia area [20]. Therefore, substances that can antagonize
these harmful effects induced by surplus ROS may play a promising and neuroprotective
role in stroke treatment. Ras-related C3 botulinum toxinsubstrate |1 (Rac1), a small GTPase
protein, is an essential subunit of NADPH oxidase for the generation of ROS [21]. Moreover,
Rac1 inhibition provides notable neuroprotective effects in the normal or diabetic brains
by inhibiting ROS production [22-24]. Nevertheless, whether pioglitazone relieves ROS
production by inhibiting Rac1 activation and the role of Rac1 in pyroptosis has not yet been
fully elucidated.

High-mobility group protein 1 (HMGB-1), an important damage-associated molecular
pattern (DAMP), was reported to be released into the extracellular space from necrotic
and dying neural cells in the ischemic brain, triggering neuroinflammation and microglial
activation [25]. Once HMGB-1 is released from cell into extracellular space, it can bind to the
receptor for advanced glycation end products (RAGE), resulting in the activation of MAPK
[26] and NF-xB signaling pathways [27]. It is well accepted that up-regulation of HMGB-1/
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RAGE controls the initiation and development of the underlying inflammatory reaction [28].
Therefore, blocking the HMGB-1/RAGE signaling pathway is an effective way to treat the
inflammatory injury from stroke.

In this study, we investigated whether the novel neuroprotective effect of PPAR-¥ ligand
pioglitazone on transient middle cerebral artery occlusion (MCAO) and cultured primary
astrocytes was involved in pyroptosis-related inflammatory response and whether the
blockade of HMGB-1/RAGE signaling pathway was involved in the underlying molecular
mechanism. In addition, we further tested the hypothesis that pioglitazone could alleviate
pyroptosis by inhibiting Rac1 activity in vive and in vitro.

Materials and Methods

All experiments were carried out in accordance with the standards and procedures of the Chinese
Council on Animal Care and were approved by the Institutional Animal Care and Use Committee in Central
South University.

Material preparation and treatment schedule

Pioglitazone was obtained from Takeda Pharmaceuticals North America (Chicago, IL) and dissolved
in DMSO. All male Sprague Dawley rats were randomly assigned into four groups: (1) Sham group (S):
rats underwent the same surgical procedure without ischemia; (2) MCAO group (M): rats were subjected
to right middle cerebral artery occlusion (MCAO) for 90 min, followed by reperfusion for three days. (3)
Pioglitazone group (P): rats received repeated intraperitoneal administration of pioglitazone (10mg/kg)
daily for three days. After the drug treatment, rats underwent MCAO. (4) Vehicle group (V): rats received
repeated intraperitoneal administration of the same volume of DMSO daily for three days before the rats
took MCAO by the suture method as described previously [22]. Briefly, a midline neck incision was made to
expose the right common carotid artery. The external carotid and occipital arteries were ligated with 4-0
silk suture and an incision was made in the wall of the external carotid artery close to the bifurcation point
of the external and internal carotid arteries. A 4-0 heat-blunted nylon suture (Ethicon) was inserted and
advanced 18 mm from the bifurcation point into the internal carotid arteries. After the 90-min occlusion, the
nylon suture was removed to allow the reperfusion of blood flow into the MCA.

Cerebral blood flow

To ensure the induction of ischemia by MCAO, regional cerebral blood flow (rCBF) was monitored using
laser Doppler flowmetry (LDF, PeriFlux System 5, 000, PERINMED). Two cortical regions were measured:
the ipsilateral ischemia parietal cortex and the contralateral non-ischemia parietal cortex. In brief, each
animal was mounted in a stereotaxic frame. Under microscopic guidance, two burr holes (1 mm in diameter)
were drilled with the following coordinates: 0.5 mm anterior and 5.0 mm lateral. Then, LDF probes (PROBE
403, Fiber separation = 0.25 mm) were placed on each cortical region with a micromanipulator. Blood flow
was measured (2 Hz sampling rate) before, during, and up to 60 minutes after MCAO respectively.

Determination of infarct volume and neurological deficit

Three days after reperfusion, rats (n=6-8, per group) were decapitated and brains were removed.
Infarct sizes were measured by staining the tissues with 2, 3, 5-triphenyltetrazolium chloride (TTC). A
previously reported equation was used with slight modification to eliminate the contribution of edema to
the ischemic lesion: corrected infarct volume = contralateral hemisphere volume- (ipsilateral hemisphere
volume - measured infarct volume) [22, 29]. The infarct volume was presented as the percent of total brain
area.

Neurological deficits were measured on days 1 and 3 after reperfusion respectively according to the
method reported by Longa etal. [30]. Neurological findings were reported on a 5-point scale. No neurological
deficit = 0, failure to extend right paw fully = 1, circling to right = 2, falling to right = 3, No spontaneously
walking or depressed levels of consciousness = 4.

Histological examination
After 3 days of reperfusion, the rats were perfusionfixed with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH7.4) under anesthesia. The paraffin-embedded brain sections (5 um) were prepared and stained
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with hematoxylin and eosin. Histological evaluations were performed with HE-staining for assessing
neuronal damage in the penumbra of ischemic cortex. In order to observe cell morphology, the pathological
sections were observed under light microscopy (Leica Microsystems) at 400 xamplified.

Apoptotic cells in brain tissue sections were identified by in situ cell death detection kit (Roche
Company, Basel, Switzerland) as described previously [29]. Sections were photographed using a light
microscope (IX81; Olympus). Positive neurons were counted using Image Pro Plus 6.0 (Media Cybernetics,
Silver Spring, MD, USA). Coded slides were initially examined for the presence TUNEL-positive cells in the
penumbra region by an examiner blind to the group assignment of each animal. TUNEL-positive apoptotic
cells exhibited brown nuclear or cytoplasmic staining. The number of TUNEL-positive neurons and total
neurons in the penumbra region was counted in 3 different fields for each section at x200 magnification.
The total number of TUNEL-positive neurons and total neurons found in the 5 selected sections of penumbra
region was calculated, and mean number of cells per section was used for comparison. The extent of
apoptosis was also calculated and expressed as a ratio of TUNEL-positive neurons versus total neurons.

Isolation and cultured primary astrocytes

Cerebral astrocytes were taken from neonatal Sprague-Dawley rats as previously described with slight
modifications [31]. Briefly, neonatal rats on postnatal day 1 (P1) were anaesthetized with 2% isoflurane and
the cortex was dissected and digested with 0.125% trypsin for 30 min at 37 °C. Cells were placed on dishes
containing 0.0125% poly-L-lysine-coated culture in Neurobasal medium (Gibco, USA) with B27 (Gibco,
USA) and were incubated in a humidified atmosphere with 5% CO, at 37 °C.

After the 10-day incubation, astrocytes for oxygen-glucose deprivation (OGD) were grown on 96-well
plates at a density of 1x10° cells per well. Cells in control group were not subjected to OGD. OGD media was
made of glucose-free DMEM (5% HS, 2 mM glutamine and 1% penicillin/streptomycin) and subsequently
bubbled with gas mixture of 95% nitrogen and 5% CO, for 15 minutes. The cells were then washed twice
with OGD media and placed in an anoxic incubator for 2 hours (95% N, and 5% CO,). The incubated cells
were randomly divided into following groups: (1) Control group (normal condition): cells were cultured for
27 hin culture medium without OGD. (2) OGD group: cells were subjected to OGD for 2h; (3) OGD+Pio group:
cells were treated with pioglitazone (10uM) dissolved in DMSO 1h prior to OGD, subsequently suffered from
OGD for two hours. Then the OGD medium was replaced with the original culture and the resulted cells were
incubated for 24 h in humidified atmosphere with 5% CO, at 37 °C. (4) OGD+ Vehicle group: the same volume
of DMSO was used to replace the pioglitazone solution. (5) OGD+GW9662: cells were treated with GW9662
(10uM) 1 h prior to OGD, and subsequently suffered from OGD for two hours. Then, the OGD medium was
replaced with the original culture and the cells were incubated for 24 h in humidified atmosphere with
5% CO, at 37 °C. (6) 0GD+GW9662+Pio: cells were co-treated with GW9662 + pioglitazone prior to OGD,
and subsequently suffered from OGD for two hours. (7) OGD+Rac1-shRNA/misRNA: cells were infected
with Racl shRNA lentivirus or misRNA (1ul/ml of media) for 24 hours before the medium was replaced
with fresh medium. Successful infection was confirmed using the GFP reporter. Plates were not used unless
more than 80% of cells expressed GFP. (8) OGD+Rac1-shRNA+Pio: the astrocytes were transduced with the
lentivirus according to the manufacturers’ instruction. The OGD model and pioglitazone treatment were
carried out 6 d after transduction.

Cell survival assays

Survived cells were counted with the cell counting kit-8 (CCK-8) (Dojindo, Japan) according to the
manufacturer’s instructions. Briefly, the treated neurons were loaded into 96-well plates and replenished
with 100ul fresh DMEM medium (Gibco, USA) before 10ul CCK-8 solution was added to each well. After
incubated at 37 °C for 2 h, survived cells were determined by optical absorption at 450 nm. The ratio of
survived cells in each group has to be normalized to the amount of control (normal condition) group, which
the ratio of survived cells is represent as 100%.

Measurement of ROS generation

The productions of intracellular ROS was measured using Reactive Oxygen Species Assay Kit (Beyotime)
and MitoSOXTM Red (Molecular Probes, Eugene, OR, USA) according to the manufacturer’s protocols. After
the appropriate treatments, neurons were washed twice with PBS and incubated in DCFH-DA (Sigma, USA)
at 37 °C for 30 min to reach a final concentration of 10 pM. Fluorescence was measured at an excitation
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wavelength of 485 nm and an emission wavelength of 530 nm using a fluorescent plate reader (Genios,
Tecan). Higher fluorescence intensity meant an increase in intracellular ROS. Similarly, the level of increased
ROS production in each group also has to be normalized to the amount of control (normal condition) group,
which the level of ROS is represent as 100%.

Measurement of IL-1f and IL-18 productions

The levels of IL-1$ and IL-18 in neurons were determined by ELISA assays (ab100768 for IL-1f and
ab213909 for IL-18, Cambridge, Abcam, UK) according to the manufacturer’ instructions. The quantities
of IL-1f and IL-18 were measured using a microplate reader at 450 nm.

Lactate dehydrogenase release assay

The release of lactate dehydrogenase (LDH) into the culture media is an indicator of cytotoxicity. The
method was described previously [32]. Briefly, after the cells went through all above procedures, samples
of the culture supernatant were taken, and LDH levels in those samples were determined using the LDH
cytotoxicity detection kit (Roche, Basel, Switzerland) according to the manufacturer’s instructions. The
absorbance of samples at 490 nm was measured using a microplate reader (Tecan).

ELISA Examination of Plasma HMGB-1

The rats were sacrificed 3d after ischemia, and blood samples obtained from the inferior vena cava
were stored in Vacuette blood collection tubes containing heparin. The plasma HMGB-1 concentrations
were determined using a commercial enzyme-linked immunosorbent assay (ELISA) kit (SHINO-TEST, Japan)
according to the manufacturer’s protocol.

Immunofluorescent staining

The primary astrocytes cultured on coverslips were fixed with cold methanol (-20°C) for 5 min and
subsequently incubated with 10% normal goat serum for 120 min. Cells were then incubated with a rabbit
polyclonal antibody against the a rabbit polyclonal antibody against HMGB-1 (1:100, ab195011, Abcam
Cambridge, UK) as the primary antibody at 4 °C overnight. After washing with PBS, the cells were incubated
for 2 h with FITC-conjugated goat anti-rabbit IgG antiserum (1:200, Chemicon, USA) and examined under a
fluorescence microscope (Olympus X51).

Preparation of Cytosol and Nuclear Extracts

Cytosol and nuclear were extracted using the method reported in our previous study [33]. Frozen
samples were homogenized in 800 pl buffer A (10 mM Hepes-KOH, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1
mM EGTA, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 ug/mL pepstatin A, 1
pg/ml leupeptin, and 100 nM calyculin A) at 4°C. The mixture was kept on ice for 15 minutes before50 pl of
1% Nonidet P-40 was added and the mixture was vortexed. The homogenate was centrifuged for 5 minutes
at 10,000 x g at 4°C Supernatant containing cell extracts was transferred to a fresh tube and crude nuclear
pellets were resuspended in 50 pl ice-cold buffer C (20 mM Tris-HCl, pH 7.5, 400 mM NacCl, 0.1 mM EDTA, 0.1
mM EGTA, 1 mM DTT, 1 mM PMSE 2 Ig/ml pepstatin A, 100 nM calyculin A). The nuclear pellet suspension
was incubated on ice for 30 min and then centrifuged for 10 min at 10,000 x g at 4°C. Supernatant with
nuclear proteins was collected for the following research.

Western blot analysis

The expressions of proteins extracted from the primary astrocytes and the right cerebral cortex of
rats were analyzed by Western blot. Proteins in the samples were separated on a 12% sodium dodecyl
sulfate (SDS)/polyacrylamide gel and transferred onto polyvinylidene fluoride membranes (Millipore, USA).
The membranes were incubated with the primary antibodies including anti-caspase-1 (1:500, ab108362,
Abcam Cambridge, UK); anti-NLRP3 (1:1, 000; Cryo-2, AdipoGen); anti-ASC (N-15) (1:1, 000; Santa Cruz),
anti-HMGB-1 (1:500, ab79823, Abcam Cambridge, UK), anti-RAGE (1:500, ab181293, Abcam Cambridge,
UK), PPAP~¥ (1: 1000, ab41928, Abcam Cambridge, UK), GAPDH (1:5000, #5014, Cell Signaling Technology,
USA) and Histone H3 (1:1000, #12648, Abcam Cambridge, UK, loading control for nuclear proteins) at 4 °C
overnight. Immuno-reactive bands were visualized by increased chemiluminescence (Millipore, USA) using
corresponding horseradish peroxidase-conjugated IgG secondary antibodies (Cell Signaling Technology,
USA). The images were captured with the gel imager (UVITEC, UK) and quantified using Quantity One
software (Bio-Rad, USA).
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Racl activation assay

Rac1-GTP pulldown and the activation assay were performed using the Racl activation assay kit
(Cell Biolabs) and the secondary antibodies described above. Fresh tissues and the cultured primary
astrocytes were homogenized in 1 ml ice-cold 1x assay/lysis buffer, while the rest procedures followed the
manufacturer’s instructions reported in our previous study [34].

Statistical analysis

All data were analysed with GraphPad PRISM 5.0 (GraphPad sofware, USA) software using the Student’s
t-test or one-way ANOVA followed by Tukey-Kramer tests. All quantitative values were expressed as the
mean * SD. Differences were deemed signifcant when P< 0.05.

Results

Physiological parameters and cere-

bral blood flow (CBF)

No significant discrepancy in pO,,
pCO,, or blood pH was noted in ischemic
rats treated with or without pioglitazone.
Body and brain temperatures remained
at approximately 37°C throughout the
course of the experiments. No hypother-
mic action was observed (Table-1).

Moreover, we used laser-Doppler
flow (LDF) to measure cerebral blood
flow (CBF) to exclude the possibility that
different residual CBF might cause the
difference in infarct volume during and
after ischemia . Immediately after isch-
emia, CBF dropped to approximately 15%
of baseline in the parietal cortex ( n=6-8,
in each group) and remained at this low
level throughout the 90-min vascular oc-
clusion. During ischemia, no significant
difference in residual CBF was observed
in any group except sham group. When
the intraluminal thread was removed
after the 90-min ischemia, CBF instanta-
neously rose and returned to the baseline
10 minutes after reperfusion in all groups
except the sham group.

Pioglitazone showed strong neuropro-

tective effect under MCAO in vivo and

OGD in vitro

The infarction volume in MCAO rats
was measured using TTC staining. As
shown in Fig. 1A, normal tissues were
stained in red, while infarction area was
stained in white. No infarction area was
identified in sham group, while MCAO
group and vehicle group had significantly
higher rate of infarction compared to the

KARGER

Table 1. Physiological parameters for rats before, dur-
ing and after middle cerebral artery occlusion. MABP:
mean arterial blood pressure, HR: heart rate. Rats re-
ceived repeated intraperitoneal administration of pio-
glitazone (10mg/kg) daily for three days. All variables
were measured prior to occlusion, 90 min after occlu-
sion, and 90 min after reperfusion, and were presented
as mean * SD and were analyzed using multivariate
analysis of variance.S: sham group; M: MCAO group; P:
pioglitazone group; V: vehicle group

S P \ M

before occlusion

pH [U] 7.45+0.03 7.43+0.02 7.37+0.04 7.40+0.03
PCOz [mmHg] 40.6+4.4 42.1+x4.2 39.8+2.5 41.5%4.1

POz [mmHg] 201.5+37.1189.5+41.4 195.6+27.8 207.5+34..
HR [bpm] 254+15 261+17 248+12 263+17

MABP [mmHg] 108.4+6.5 114.4+5.8 112.8+5.8 116.1+4.7
Glucose 6.41+0.27 6.44+0.38 6.37+0.65 6.50+0.82
90 min after occlusion

pH [U] 7.39£0.02 7.41+0.03 7.37+0.02 7.43+0.04
PCO2 [mmHg] 40.3+4.7 42.8+5.2 39.1+x2.5 41.5+34
POz [mmHg] 193.5+25.4202.5+35.1 202.2+38.2 195.5+25."
HR [bpm] 25212 260+12 258+15 248+17

MABP [mmHg] 114.5+5.5 112.5+3.7 112.6+4.2 118.8+6.5
Glucose 6.45+0.47 6.42+0.61 6.46+0.52 6.58 +0.85
90 min after reperfusion

pH [U] 7.39+0.02 7.45+0.02 7.43+0.02 7.42+0.02
PCO2 [mmHg] 40.7+2.5 43.5+3.2 44.2+1.3 40.1+3.2

POz [mmHg] 212.5+9.6 190.5+8.4 197.1+8.3 192.2+34.!
HR [bpm] 250+9 245+7 251+9 248+16

MABP [mmHg] 107.8#8 103.5+7.2 114.6+8.3 117.2+6.0

Glucose 6.41+0.53 6.46+0.72 6.51+0.81 6.35+0.68
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Fig. 1. Pioglitazone confers a robust [a 5
neuroprotection against MCAO and OGD-
induced ischemia injury. (A) Brain infarct S
volume was determined by TTC staining
3d after MCAO. (B) Bar chart indicat-
ing the change in neurological scores
between sham, MCAO, pioglitazone and | w
vehicle groups. (C) Histopathological
changes on day 3 post-reperfusion with

Neurologica dencit scares

or without pioglitazone treatment in rats.
Scale bar, 100um. (D) Photomicrographs
of the cortex penumbra of rat brains used
for the TUNEL assay. Scale bar, 100pum.
(E) Quantification of apoptotic cells by
the TUNEL assay. Data are expressed as
mean * S.D. n=6-8 rats for each group.* [e
P<0.05 vs. the sham group; * P<0.05 vs.
the MCAO group. S: sham group; P: piogl-
itazone group; V: vehicle group; M: MCAO
group; (F) The survival of astrocytes ex-
posed to OGD for different periods of
time. Survival was determined 24 h after
OGD injury by the CCK-8 kit according to

Infarct size (%)

The rutin of TUNEL-posithve neurons (%)

oG - ++ ++ + +

the manufacturer’s protocol (n= 3 exper- ploglitazone 0 0 0.525 5 10 50 pmolL
iments, #P< 0.05 and *P<0.001 vs. con- | F

trol). (G) The astrocytes exposed to OGD -

for 2h were incubated with pioglitazone -

Coll Viabiitey (%)
=
&

at concentrations ranging from 0 to 50
MUM. (n= 3 experiments, *P< 0.05 and #*
P< 0.01 vs. OGD group). S

sham group (P<0.05). In addition, pioglitazone significantly decreased the infarction area in
the experiment group (P<0.05).

Our research showed that pioglitazone improved neurological performance post-MCAO,
as measured with the NSS. Rats in MCAO group had the highest neurological deficit score,
whereas the neurological deficit scores of rats treated with pioglitazone were significantly
lower 3 days after reperfusion (Fig. 1B).

Fig. 1C showed the effect of pioglitazone preconditioning on the morphological change
in ischemic rats. Using HE staining method, morphological changes in ischemic cortex
were detected in the ischemic MCAO group: neuronal cell loss, nuclei shrinkage and dark
staining of neurons were observed. Repeated administration of pioglitazone reduced such
pathological changes significantly.

There is no apparent positively stained cells in the penumbra region of the sham group,
while a large number of positive apoptotic cells with positive stained nucleus were observed
in the MCAO and vehicle group, and shrinkage of nucleus or chromatin margination was
observed. The proportion of TUNEL positive neurons in ischemic penumbra of MCAO group
was 45.8% compared to only 21.3% for pioglitazone group (Fig. 1D and E, P<0.05).

Furthermore, we investigated whether administration of pioglitazone could relieve
0GD-caused hypoxia injury in vitro. 0GD-caused neuronal death was time-dependent, as
shown by a significant reduce in cell survival rate with longer time ( 82.3% for 1h, 48.9%
for 2h, 43.8% for 3h and 31.5% for 4h, respectively) (Fig. 1F). In fact, the protective action
of pioglitazone was detected on primary astrocytes 24h after OGD insult. The data showed
that pioglitazone remarkably increased the cell viability of OGD-treated neurons in a
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Fig. 2. Pioglitazone significantly inhibited [ « B,

pyroptosis in vivo and in vitro models by s M P v 3
activating PPAR-¥. (A) Western blot im- PR s |~ - Lo s
ages and quantitative analysis of PPAR-¥ ciron | s

GAPDI

expression in vivo (n=6-8, rats for each
group. * P<0.05 vs. the sham group; *
P<0.05 vs. the MCAO group). (B) Western
blot images and quantitative analysis of
PPAR-¥ expression in vitro (n= 3 experi-
ments, * P<0.05 vs. the control group; *
P<0.05 vs. the OGD group). (C) Western | »
blot analysis of the expressions of cas-
pase-1, NLRP3 and ASC in vivo (n=6-8,
rats for each group.* P<0.05 vs. the sham
group; * P<0.05 vs. the MCAO group). (D)
ELISA of levels of IL-1$ and IL-18 in pen-
umbra region. (E) Western blot analysisof | _
the expression of caspase-1, NLRP3 and s [—— —{ 106D
ASC in vitro. (F) Quantitative analysis for o e
the level of caspase-1, NLRP3 and ASC in - -
vitro. (G) ELISA of levels of IL-1 and IL-
18, as well as LDH release in primary cul-
ture cortical astrocytes exposed to OGD ;
with or without 10uM pioglitazone (n= e &
3, experiments, # P<0.05 vs. the control . . .
group; * P<0.05 vs. the OGD group), Data - e )

are expressed as mean * S.D. 1 | - B & 2 g

A P i 5 1
4 & 5 :

PEAR-gamma GAPDH

Cleaved caspase-1
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ASC
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Fig. 3. Pioglitazone notably reduced Racl
activity and ROS production in vivo and in _ N .
vitro models. (A, B) Western blot analysis | e [~ & & & F

RN s e | 21KD

of the expression of Racl-GTP following Racl-GTP R
cerebral ischemia model in vivo and in . 00000 Ract [ —— - | 21KD
vitro. (C, D) pioglitazone significantly alle-
viated ROS generation in vivo and in vitro
models. Data are expressed as mean * S.D.
n=6-8, rats for each group.* P<0.05 vs. the
sham group; * P<0.05 vs. the for MCAO
group. n=3, experiments, * P<0.05 vs. the

P
=
-

The ratio of Rac k- GTP/Ract

sham or the control groups; * P<0.05 vs. | ™
the MCAO or OGD groups. g # . c

]

E 100 sT-:
dose-dependent manner with the g,
concentration of 10 uM having the A A
best effect (Fig. 1G). l

Pioglitazone induces PPAR-y expression and alleviate ischemia/hypoxia-induced pyroptosis
In order to further explore whether PPAR-y is involved in the pioglitazone-induced
neuroprotection against cerebral ischemia injury, the protein level of PPAR-y was measured.
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Fig. 4. Pioglitazone alleviated cyto-
plasmic translocation of HMGB-1 and
RAGE expression in both MCAO and
OGD models. (A). Western blot images
and quantitative analysis of cytoplas-
mic translocation of HMGB-1 in MCAO
model. (B). The plasma HMGB1 level in
different groups. (C). Western blot im-
ages and quantitative analysis of RAGE
expression in MCAO model. n=6-8, rats
for each group.* P<0.05 vs. the sham
group; * P<0.05 vs. the MCAO group.
(D, E) Western blot images and quanti-
tative analysis of cytoplasmic transloca-
tion of HMGB-1 and RAGE expression in
OGD model. n=3, experiments, *# P<0.05
vs. the control group; * P<0.05 vs. the
OGD group. Data are expressed as mean
+S.D.

PPAR-y protein expression also \ N 4
increased 3 d after reperfusion in & & & &
rats pretreated with pioglitazone
(P<0.05, Fig. 2A) GAPDH | ] k0
The expression of PPAR-y
protein in cultured primary
astrocytes was measured 24 h =
after OGD by western blot. As

ACE ‘ R |--uu\'n

depicted in Fig. 2B, the expression i b

of PPAR-y protein in cultured co ﬁ
astrocytes significantly increased &S
24 h after OGD (P<0.05 vs. control = &

group). Pioglitazone could further
increase the expression of PPAR-y
protein in cultured astrocytes 24 h after OGD exposure (P<0.05 vs. OGD group). These results
indicated that the protective effects of pioglitazone may be associated with the increase of
PPAR-y expression in MCAO rats and OGD-exposed astrocytes.

In order to understand the distinct role of pioglitazone in the regulation of cell death,
we analyzed the regulation of pioglitazone on pyroptosis. Our research showed that
pioglitazone could protect cells against the ischemia-induced pyroptosis, as demonstrated
by the decrease of caspase-1, NLRP3 and ASC, as well as IL-1f3 and IL-18 (Fig. 2C and D). In
addition, pioglitazone also reduced OGD-induced caspase-1, NLRP3 and ASC expressions as
well as IL-1p and IL-18 secretion and LDH release, suggesting a slowdown on pyroptosis
(Fig. 2E-G).

Pioglitazone inhibits Rac1 activity and ROS production in both in vivo and in vitro models

The active form of Racl is Rac1-GTP. The level of Rac1-GTP was measured by pull-
down assays. As shown in Fig. 3A and B, Racl-GTP expression increased in MCAO rats,
but pioglitazone could remarkably reduce the Racl-GTP level. Similarly, Rac1-GTP was
also elevated in cultured primary astrocytes after OGD insult and pioglitazone also could
suppress the Racl activity.

ROS production was previously reported to be one of the mechanisms involved in
pyroptosis. In this study, the intracellular ROS level was quantified using dichlorofluorescein
diacetate (DCFH-DA). As illustrated in Fig.3C and D, ischemia reperfusion injury significantly
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Fig. 5. PPAR-¥ irreversible antagonist GW9662 abolishes the neuroprotection of pioglitazone in 0GD mod-
el. (A, B). Expressions of PPAR-¥, caspase-1, NLRP3 and ASC in astrocytes treated with pioglitazone and
the PPAR-¥ inhibitor GW9662 in vitro model. (C). The levels of IL-1B and IL-18 as well as LDH release
in astrocytes treated with pioglitazone (10uM) and the PPAR-¥ inhibitor GW9662 (10uM) in OGD model.
(D, E) Rac1 activity and the intracellular ROS level of astrocytes treated with pioglitazone (10uM) and the
PPAR-¥ inhibitor GW9662 (10uM) after exposure to OGD. (F, G) Western blot images and quantitative analy-
sis of cytoplasmic translocation of HMGB-1 and RAGE expression in astrocytes treated with pioglitazone
(10uM) and the PPAR-¥ inhibitor GW9662 (10uM) in OGD model. (H) PPAR-¥ inhibitor GW9662 (10uM)
abolished the effect of pioglitazone (10uM) on the cytoplasmic translocation of HGMB-1, determined by
immunofluorescent staining. Scale bar, 50pum. n=3, experiments, # P<0.05 vs. the control group; * P<0.05 vs.
the OGD group. Data are expressed as mean * S.D.

increased ROS production in the cerebral penumbra cortex in both MCAO and vehicle
groups, (compared to the sham group). DCF production level declined significantly in the
cerebral penumbra cortex of the pioglitazone group, compared to the MCAO and vehicle
groups (P<0.05). Moreover, quantitative analysis showed that the rate of ROS accumulation
in the OGD group increased to 267.3% compared to the control group. On the other hand,
administration of pioglitazone inhibited the ROS level by 178.4% 24 h after OGD, compared
to the OGD group.
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Fig. 6. Rac1 knockdown facilitated the inhibitory effect of pioglitazone on OGD-induced pyroptosis in pri-
mary culture neurons. (A) Cell lysate taken from primary culture astrocytes was used to determine the pro-
tein levels of Rac1l with Western blot analysis. Decreased expression of Racl was observed in cells infected
with Rac1shRNA when compared to control cells and Rac1 misRNA infected cells. (B). Rac1 knockdown and
pioglitazone improved the survival of astrocytes exposed to OGD. (C) Western blot images and quantita-
tive analysis of pyroptosis-related proteins: caspase-1, NLRP3 and ASC. (D) The inhibitory actions of Racl
knockdown and 10pm pioglitazone on the levels of IL-1f3 and IL-18 as well as LDH release in astrocytes
exposed to OGD. (E) The inhibitory actions of Rac1 knockdown and 10pm pioglitazone on the level of intra-
cellular ROS. n=3, experiments, * P<0.05 vs. the control group; * P<0.05 vs. the OGD group. ¥ P<0.05 vs. the
OGD+Pio or OGD+Rac1-shRNA group. Data are expressed as mean * S.D.

Pioglitazone inhibits the ischemia-induced cytoplasmic translocation of HMGB-1 and the

expression of RAGE

To explore whether pioglitazone inhibits HMGB-1, western blotting was used to measure
the cytoplasmic translocation of HMGB-1 and its target RAGE in the ischemic cortex 3d
after MCAO. The ratio of cytoplasmic translocation was expressed as cytoplasmic fraction/
(cytoplasmic fraction+nuclear fraction) of HMGB-1. Our findings demonstrated that
the cytoplasmic translocation of HMGB-1 increased meaningfully in the ischemia cortical
penumbra in rats of both MCAO and vehicle groups. Nevertheless, the ischemia-induced
cytoplasmic translocation of HMGB-1 was blocked by repeated application of pioglitazone
(Fig. 4A, P<0.05). Moreover, we detected the effect of pioglitazone on HMGB-1 in the plasma
and found that the mean plasma level of HMGB-1 was significantly increased in the MCAO
and vehicle-treated groups compared with the sham-treated group (P<0.05). However,
the results of ELISA showed that pioglitazone could reverse the increase of HMGB-1 in the
plasma (Fig. 4B, P<0.05).

To further confirm the inhibition of pioglitazone on HMGB-1 activation, we measured
the RAGE protein expression in the ischemic cortex. The results showed that RAGE was low
in in the sham group. In the MCAO group, RAGE significantly increased 3d after ischemia.

KARGER

2361


http://dx.doi.org/10.1159%2F000488183

Cellular Physiology Cell Physiol Biochem 2018;45:2351-2368
DOL:

© 2018 The Author(s). Published by S. Karger AG, Basel

and Biochemistry Pubiim 16,2018 | wwwkarger.com/cpb

Xia et al.: Pioglitazone Protected Against Pyroptosis by Activating PPAR-¥

Similarly, pioglitazone also significantly inhibited the RAGE expression in the penumbral
cortex 3d after ischemia insult (Fig. 4C, P<0.05).

Western blot analysis also showed that cytoplasmic translocation of HMGB-1 and
increased RAGE expression presented in the OGD-treated astrocytes. In cultured primary
astrocytes exposed to OGD for 2 h, pioglitazone effectually inhibited the increase of
cytoplasmic translocation of HMGB-1 and RAGE expression, suggesting that pioglitazone
had a direct protective effect on astrocytes and could block the activation of HMGB-1/RAGE
signals in astrocytes (Fig. 4D and E, P<0.05).

PPAR-¥ irreversible antagonist GW9662 inhibits the neuroprotection of pioglitazone in

vitro model

In order to investigate whether PPAR-¥ mechanism is required for pioglitazone-induced
neuroprotection against hypoxia insult in OGD model, we used PPAR-¥ specific antagonist
GW9662 to block PPAR-¥-mediated signaling. As shown in Fig. 5A-E, GW9662 inhibited
the PPAR-¥ expression induced by pioglitazone. In addition, the expressions of pyroptosis-
related proteins, IL-13, and IL-18, LDH release, the inhibition of Racl activity, and ROS
production were all completely deteriorated in the cells co-treated with GW9662 (P<0.05).

In addition, the effect of pioglitazone on cytoplasmic translocation of the HMGB-
1 and RAGE expression were abrogated in the cells co-treated with GW9662 (Fig. 5F and
G). We further confirmed that OGD triggered cytoplasmic translocation of the HMGB-1 by
immunofluorescent staining. We found HMGB-1 predominantly located in the nucleus in
normal primary cultured astrocytes of control group, whereas HMGB-1 was almost entirely
distributed in the cytoplasm 24 h after OGD in cells of OGD alone group. Pioglitazone
significantly inhibited cytoplasmic translocation of the HMGB-1. However, GW9662 abolished
this effect of pioglitazone (Fig. 5H).

Therefore, these data suggested that the inhibitory effects of pioglitazone on pyroptosis
and HMGB-1/RAGE signal pathway, as well as the reductions of Racl activity and ROS
production, were mediated through PPAR-¥ activation mechanism.

Deficiency of Rac1 promoted the neuroprotection function of pioglitazone

Firstly, we determined Racl protein expression after virus infection-induced Racl
knockdown in the primary cultured cortical astrocytes using western blot analysis. As
shown in Fig. 64, there was a significant decrease in Rac1 protein expression in the primary
cultured cortical astrocytes infected with Rac1-shRNA in comparison to cells infected with
misRNA and uninfected cells.

The cultured primary astrocytes were treated with lentivirus containing Racl small
hair RNA (Rac1l-shRNA) alone or with pioglitazone in OGD-induced ischemia model. Cell
viability, the levels of pyroptosis related proteins, IL-1f3, and IL-18, and LDH release were
analyzed. Racl inhibition improved cell viability, reduced Rac1 activity and ROS generation,
suppressed expressions of pyroptosis related proteins including NLRP3, ASC and caspase-1
level, and alleviated IL-1f3, IL-18 and LDH release. Such results confirmed that the inhibition
of Rac1 could confer neuroprotective effects involving in the suppression of pyroptosis (Fig.
6B-E). Furthermore, similar results were obtained from the pioglitazone-treated group.
OGD-triggered pyroptosis further decreased in the group co-treated with Rac1-shRNA and
pioglitazone, suggesting that the deficiency of Racl promoted this neuroprotective function
of pioglitazone.

Discussion

Perioperative ischemic stroke is a major cause of long-term disability and cognitive
dysfunction and currently attracts more and more attention due to the high mortality and
disability associated with this. Health providers, including anesthesiologists, are actively
seeking effective protective strategies. During the perioperative period, central nervous
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system is extremely sensitive to any drop in blood flow and impairment of substrate delivery
[35]. Compelling evidence from animal models demonstrated that inflammatory responses
were activated after cerebral ischemia and acted as crucial mediators in the pathogenesis of
stroke-induced injuries [3, 4, 36, 37].

Pyroptosis, a unique pro-inflammatory programmed cell death, is initiated by
inflammatory caspases [7, 38]. When organs suffer from ischemic insult, injured tissues
release danger signals that lead to the assembly of NOD-like receptor protein 3 (NLRP3)
inflammasomes and their activation. NLRP3 inflammasome, an intracellular heteromeric
complex, contains NLRP3 protein and apoptosis-associated speck-like protein containing
caspase recruitment domain (ASC) and pro-caspase-1. Following NLRP3 inflammasome
activation, pro-caspase-1 is cleaved via autocatalytic processes to yield the active form
of caspase-1 [38, 39]. The active caspase-1 subsequently leads to the release of the pro-
inflammatory cytokines IL-1f and IL-18 and initiates the inflammatory cascade [40]. IL-
1B is a potent endogenous pyrogen that stimulates expressions of diverse cytokines and
chemokines [41]. IL-18 induces interferon (IFN)-y production and is important for the
activation of cells of innate immunity [42]. Both IL-1B and IL-18 are involved in caspase-
1-dependent pore formation or cytokine secretion during pyroptosis. Therefore, caspase-1
dependence is a definitive feature of pyroptosis that is characterized by the release of pro-
inflammatory contents and plasma membrane rupture. Recent studies have demonstrated
that pyroptosis mediated the death of renal and cardiac cells, leading to kidney and heart
failure [11, 12, 43]. Our findings were consistent with those previously reported results.
The expressions of NLRP3 inflammasome-associated proteins: NLRP3, ASC, and caspase-1,
were examined in this study to assess inflammasome activity. Our findings indicated that
increased expressions of inflammasome-associated proteins and cytokines such as IL-1f and
IL-18 in cerebral penumbra region were associated with structural and functional changes
in those cerebral tissues. Our in vitro model further demonstrated that oxygen-glucose
deprivation (OGD) increased the expressions of pyropotosis-relative proteins in cultured
primary astrocytes, which was accompanied by decreased cell viability and elevated lactate
dehydrogenase (LDH) release. Hence, our findings revealed a new signaling mechanism
involved in pyroptotic neuronal cell death under ischemia/reperfusion injuries.

Given the importance of pyroptosis in the pathophysiological of cerebral ischemia, it is
essential to understand its mechanism. PPARs (peroxisome-proliferator-activated receptors)
are ligand-activated transcription factors belonging to the nuclear receptor superfamily.
Three PPAR isoforms have been identified: PPAR-¥; PPAR-a and PPAR-3. Cerebral ischemic
injury enhanced the expression of PPAR-¥ mRNA and protein in neurons, which maximal
levels are observed after 24h, and increased PPAR-¥ protein can still be detected up to 14 d
after ischemic injury [44]. However, increased PPAR-¥ expression might not be functionally
important because cerebral ischemia reduces the DNA binding of PPAR-¥. Importantly,
DNA binding is fully restored by application of the PPAR-¥ agonist. Substantial studies have
demonstrated that PPAR-¥ agonists, such pioglitazone, efficiently protect against cerebral
ischemia in rodents [15-18]. As shown recently, the expression of PPAR-¥ in the brain has
been revealed a powerful anti-inflammatory potential against ischemic insult. Activation
of PPAR-¥ by pioglitazone attenuates the expression of tumor necrosis factor o (TNF-a),
intercellular adhesion molecule (ICAM-1) and down-regulates the production of IL-1f3 or
the induction of cyclooxygenase 2 (COX-2) and inducible nitric oxide synthase (iNOS) [17,
18]. Moreover, pioglitazone inhibit NF-kB signaling and p38 stress kinase [15, 16]. Because
pyroptosis is an inflammatory response, it is important to understand whether pioglitazone
could effectively inhibit pyroptosis in vivo and in vitro. In this study, repeated application
of pioglitazone, a PPAR-¥ agonist, reduced the infarct volume and notably improved the
neurological deficits in vivo. Moreover, we reported for the first time that pioglitazone could
effectively antagonize the neuronal pyroptosis caused by ischemia and hypoxia by inhibiting
pyroptosis-related proteins such as caspase-1, NLRP3 and ASC and by reducing the release
of cytokines, like IL-1f and IL-18, in vivo. Furthermore, we investigated whether PPAR-¥
mechanism was necessary for pioglitazone-induced protection against cerebral ischemia
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using the PPAR-¥ specific antagonist GW9662 to block PPAR-¥-mediated signaling. Our
findings demonstrated that pioglitazone increased the cell viability of OGD-treated astrocytes
in a dose-dependent manner, lowered the elevated expressions of OGD-induced NLRP3, ASC
and caspase-1, and inhibited the LDH release. The combination of GW9662 and pioglitazone
significantly attenuated anti-pyroptosis actions of pioglitazone. These data suggested that
PPAR-¥ irreversible antagonist GW9662 could abolish pioglitazone’s anti-pyroptosis actions
against OGD, indicating that pioglitazone-induced anti-pyroptosis effect is mediated by its
binding to PPAR-.

Importantly, to further understand the function of pioglitazone in cerebral ischemia-
triggered pyroptosis, we explored the downstream signaling mechanisms and demonstrated
that pioglitazone significantly decreased the level of Racl-GTP, the active form of Ras-
related C3 botulinum toxin substrate 1 (Rac1), in both MCAO and OGD models. Moreover,
Racl knockdown by using lentivirus could block the OGD-induced pyroptosis of cultured
primary astrocytes with the reduction of NLRP3/ASC and caspase-1 expressions. OGD-
induced IL-1f and IL-18 secretion as well as LDH release were also inhibited by the Rac1
knockdown. Interestingly, OGD-triggered pyroptosis further decreased in the Racl-shRNA
and pioglitazone co-treated group. Growing evidence has shown that Rac1 contributes to the
induction of oxidative stress in neurons by facilitating the activation of NADPH oxidase [21],
a key membrane enzyme that generates reactive oxygen species (ROS). Hence, we believe
that ROS reduction may be involved in the neuroprotective mechanism of pioglitazone-
mediated inhibition of pyroptosis. We further validated that ROS plays a key regulatory role
in pioglitazone-mediated inhibition of pyroptosis and discovered that pioglitazone alleviates
the generation of ROS in both in vivo and in vitro models. Furthermore, Rac1 knockdown also
accelerates the decline of 0GD-induced ROS production. Pioglitazone alleviated OGD-induced
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Fig. 7. Schematic representation of the proposed anti-pyroptotic signalling pathways triggered by piogli-
tazone in ischaemic neurons. Pioglitazone activates PPAR-¥ and reduces excessive ROS by inhibiting Racl
activation. The reduced level of ROS in turn decreases the activation of NLRP3 inflammasome and HMBG1-
RAGE pathway, which ultimately inhibits the pyroptotic signaling pathways to block pyroptosis.
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pyroptosis through the reduction of ROS generation, and the deficiency of Racl promoted
this function. Actually, recent studies have demonstrated that TZD PPAR-¥ agonists including
pioglitazone affected the generations of ROS and nitrite by inhibiting COX-2 and iNOS
expressions, which both are considered to be important sources of the deleterious radicals
[15-18]. Therefore, our findings not only confirmed the antioxidative actions of pioglitazone
but also advanced the understanding of underlying mechanism that the anti-pyroptic effects
of pioglitazone is involved in by reducing ROS production as well as inhibiting Rac1 activity.

Additionally, high-mobility group box (HMGB) 1, a nonhistone DNA-binding protein,
has been identified as a proinflammatory mediator and received particular attention with
respect to its pathological role in cerebral ischemia [45, 46]. High levels of serum HMGB-1
were observed in patients with stroke compared with healthy individuals [25]. Extracellular
HMGB-1 released from damaged or necrotic tissues acts as an endogenous danger signal. The
pro-inflammatory effect of HMGB-1 depends on the translocation of HMGB-1 from nucleus to
cytoplasm and its release into the extracellular space [47]. The receptor for advance glycation
endproducts (RAGE) is a transmembrane innate immune receptor and the activation of this
receptor plays an important role in mediating pro-inflammatory effects [48]. The interaction
between RAGE and its ligand HMGB-1 results in the activation of mitogen-activated
protein kinase (MAPK) and nuclear factor NF-kB/p53 signaling pathway that mediates the
production of a variety of pro-inflammatory cytokines [26, 27]. However, up to now, there
have been no previous studies to determine whether pioglitazone ameliorates ischemic
injury through its HMGB-1/RAGE inhibitory mechanism in ischemic stroke. In vitro and in
vivo evidences in this present study showed that pioglitazone notably alleviated cytoplasmic
translocations of HMGB-1 and RAGE, compared with control and vehicle groups. We further
investigated the molecular mechanism of pioglitazone’s PPAR-¥-mediated inhibition of
HMGB-1/RAGE, and demonstrated that GW9662 could block pioglitazone-mediated down-
regulation in cytoplasmic translocations of HMGB-1 and RAGE, suggesting that PPAR-»-
dependent pathway may be involved in pioglitazone’s inhibition of HMGB-1/RAGE activation.
Actually, Marx et al. had demonstrated that pioglitazone reduced RAGE expression in human
endothelial cells, thus limiting the cells’ susceptibility toward proinflammatory effects [49].
Pioglitazone prominently also down-regulated RAGE expression and inhibited high glucose-
induced increased in ROS production and NF-kB activation in coronary artery smooth
muscle cells (SMCs) [50]. On the other hand, a recent study reported that HMGB-1, acting
through RAGE, initiated a cascade of cellular and molecular events, including pyroptosome
formation and caspase-1 activation [51]. Therefore, our research discovered a new signaling
pathway of pioglitazone’s activation of PPAR-¥ that attenuated brain pyroptosis under
ischemia/reperfusion conditions. However, until now, there is fewer papers to indicate
possible interplay between HMBG-1/RAGE and Rac1/ROS. A previous published paper had
shown that an anticancer drug, bleomycin (BLM) is able to trigger cancer cell death via its
capacity to induce ROS-mediated liberation of HMBG-1, demonstrating that ROS formation
is necessary for HMBG-1 release [52].

In brief, our findings provided the first evidence that cerebral pyroptosis resulted from
ischemia reperfusion injury is alleviated by pioglitazone because of its inhibitory effects
on HMGB-1/RAGE and Rac1/ROS activation by activating PPAR-¥ (Fig. 7). The findings in
this study proved the essential role of pioglitazone in cerebral ischemia injury and greatly
contributed to our understanding of the inhibitory role of pioglitazone on pyroptosis in
ischemic stroke.
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