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Ischaemic stroke is a severe disease worldwide. Restoration of blood flow after ischaemic stroke leads to cerebral ischaemia–
reperfusion injury (CIRI). Various operations, such as cardiac surgery with deep hypothermic circulatory arrest, predictably
cause cerebral ischaemia. Diabetes is related to the occurrence of perioperative stroke and exacerbates neurological impairment
after stroke. Therefore, the choice of anaesthetic drugs has certain clinical significance for patients with diabetes. Isoflurane
(ISO) exerts neuroprotective and anti-neuroinflammatory effects in patients without diabetes. However, the role of ISO in
cerebral ischaemia in the context of diabetes is still unknown. Toll-like receptor 4 (TLR4) and NOD-like receptor pyrin
domain-containing protein 3 (NLRP3) inflammasome activation play important roles in microglia-mediated
neuroinflammatory injury. In this study, we treated a diabetic middle cerebral artery occlusion mouse model with ISO. We
found that diabetes exacerbated cerebral ischaemia damage and that ISO exerted neuroprotective effects in diabetic mice. Then,
we found that ISO decreased TLR4-NLRP3 inflammasome activation in microglia and the excessive autophagy induced by
CIRI in diabetic mice. The TLR4-specific agonist CRX-527 reversed the neuroprotective effects of ISO. In summary, our study
indicated that ISO exerts neuroprotective effects against the neuroinflammation and autophagy observed during diabetic stroke
via the TLR4-NLRP3 signalling pathway.

1. Introduction

Stroke is a severe disease with a poor prognosis, and it places
a heavy burden on society and the economy [1]. Approxi-
mately, 30 million people suffer from stroke every year.
Among patients with stroke, the proportion of patients with
ischaemic stroke is as high as 80% [2], and the incidence of
perioperative stroke reaches 7% [3]. Notably, perioperative
stroke occurs during various neurosurgical operations and
cardiac surgeries, such as deep hypothermic circulatory
arrest and carotid endarterectomy.

Diabetes increases the risk of perioperative ischaemic
stroke [4]. In addition, diabetes exacerbates vascular injury
and inflammation, which worsen stroke outcomes [5]. Con-

sequently, it is particularly important to determine the
molecular mechanism underlying ischaemic stroke in the
context of diabetes and to seek effective treatment strategies
for these patients during surgery. A clinical study showed
that inhaled anaesthetics reduce the incidence of periopera-
tive ischaemic stroke [6]. Isoflurane (ISO) is a common
inhaled anaesthetic that is used in the clinic. Notably, ISO
exerts anti-inflammatory and neuroprotective effects on
ischaemic stroke in patients without diabetes [7–9], but
whether ISO exerts neuroprotective effects against ischaemic
stroke in the context of diabetes remains unknown.

Effectively protecting dying neurons against cerebral
ischaemia–reperfusion injury (CIRI) is challenging. Among
the potential pathological mechanisms underlying CIRI,
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neuroinflammation plays a prominent role during the injury
process [10]. Toll-like receptor 4 (TLR4) is involved in the
inflammatory response [11]. Notably, previous studies
demonstrated that ISO inhibits TLR4 activation during isch-
aemic stroke in patients without diabetes [12–14]. Addition-
ally, TLR4 inhibition improves neurological function after
stroke in diabetic rats [15]. Therefore, we hypothesized that
TLR4 may be a target through which ISO exerts its neuro-
protective effect in patients with diabetic stroke. The NOD-
like receptor pyrin domain-containing protein 3 (NLRP3)
inflammasome is an inflammatory activator that is closely
related to TLR4 [16, 17]. Our previous study confirmed that
the activated NLRP3 inflammasome participates in the
mechanism underlying CIRI in diabetic mice [18]. However,
it is still rather unclear whether NLRP3 inflammasome acti-
vation is regulated by TLR4 during CIRI in the context of
diabetes. Moreover, autophagy also participates in the pro-
cess of stroke. CIRI induces excessive autophagy, which
exacerbates brain injury. Inhibition of excessive autophagy
exerts neuroprotective effects [19]. TLR4 activation regulates
autophagy and affects neuronal function [20]. However, few
studies have described the mechanism underlying the occur-
rence autophagy after stroke in the context of diabetes.

Overall, we hypothesized that inhibition of TLR4-
NLRP3 inflammatory signalling is closely associated with
the neuroprotective effects of ISO in diabetic CIRI. We used
C57BL/6J mice to establish a diabetic ischaemic stroke
model. Then, we treated these mice with ISO to determine
whether ISO has neuroprotective properties and explore
the possible underlying mechanism in diabetic mice with
CIRI. Our results indicated that ISO attenuated CIRI in
diabetic mice by inhibiting TLR4-NLRP3 inflammasome
activation and autophagy. Additionally, our work identified
the pathway by which brain damage occurs after diabetic
ischaemic stroke and provided potential therapeutic targets
for these patients.

2. Materials and Methods

2.1. Animals. The animal experiments were approved by
the Animal Experiment Ethics Committee of Zhujiang
Hospital of Southern Medical University. C57BL/6J mice
(4 weeks of age, weighing 15-19 g, male) were purchased
from Guangdong Medical Animal Experiment Center
(Guangzhou, China).

2.2. Type 2 Diabetes Mellitus (T2DM) Mouse Model. Mice
were fed a high-fat diet (4 weeks-12 weeks). The body
weights and blood glucose levels were monitored. The mice
were intraperitoneally injected with 100mg/kg streptozoto-
cin (STZ, Sigma, St. Louis, MO, USA) at 8 weeks of age.
The fasting plasma glucose (FPG) levels were monitored.
The T2DM model was considered to have been successfully
established when the FPG level ≥ 10:0mmol/L at 12 weeks of
age, and the mice that met this criterion were used for
follow-up experiments. Nondiabetic mice (non-DM) were
fed a normal diet and were not injected with STZ [21].

2.3. Focal Cerebral Ischaemia Model. Transient middle cere-
bral artery occlusion (MCAO) was performed to simulate
stroke according to the protocol described in our previous
study [18]. In short, the mice were anaesthetized with ISO
(RWD Life Sciences Co., Ltd., Shenzhen, China). A nylon
monofilament with a blunt head (#0625-0627 depending
on the mouse body weight, Yushun Biotechnology Co.,
Pingdingshan, China) was inserted to interrupt the blood
supply in the right middle cerebral artery (MCA), and the
nylon monofilament was maintained in this position for
60min. Then, the monofilament was removed to induce
reperfusion. The mice were sacrificed after 24 h. The mice
in the sham group underwent a similar surgery except that
a monofilament was not inserted. The mice were kept warm
during and after the operation, and the rectal temperature
was monitored and maintained between 36.5 and 37.5°C.

2.4. Laser Speckle Contrast Imaging (LSCI). The mice were
anaesthetized with ISO, the skin on top of the skull was dis-
infected, and a sagittal incision was made along the midline.
A laser speckle probe (SIM BFI-HR Pro, Xunwei Technology
Co., Wuhan, China) was placed at the center of the sagittal
incision. CBF was measured before middle cerebral artery
occlusion (MCAO) (baseline), immediately afterMCA block-
ing, and at the beginning of reperfusion. The successful estab-
lishment of MCAO was confirmed using criteria described in
previous studies [22], which included that the area of MCA
CBF decreased by more than 50% after occlusion.

2.5. Drug Administration and Experimental Groups. The
mice in the ISO [ISO(+)] group were administered 1.5%
ISO in oxygen (O2) by inhalation for 60min. The control
[ISO(−)] group inhaled O2. The mice in both groups were
then randomly subjected to MCAO or sham operation.
Intraperitoneal injection of 3mg/kg TAK-242 (HY-11109,
MCE, USA) or 0.25mg/kg CRX-527 (tlrl-crx527, InvivoGen,
Hong Kong) was performed before reperfusion according to
previous studies and the manufacturer’s instructions [23,
24]. In short, the mice were divided into eleven groups: (1)
non-DM sham group, (2) non-DM MCAO group, (3) DM
sham group, (4) DM MCAO group, (5) DM MCAO with
ISO [DM MCAO ISO(+)] group, (6) DM MCAO without
ISO [DM MCAO ISO(−)] group, (7) DM MCAO with
TAK-242 treatment [DM MCAO TAK-242] group, (8)
DM sham with ISO and vehicle treatment [DM ISO(+)
sham vehicle] group, (9) DM sham with ISO and CRX-527
treatment [DM ISO(+) sham CRX-527] group, (10) DM
MCAO with ISO and vehicle treatment [DM ISO(+) MCAO
vehicle] group, and (11) DMMCAO with ISO and CRX-527
treatment [DM ISO(+) MCAO CRX-527] group.

2.6. Neurobehavioural Assessment. Behavioural impairment
was scored according to classical scoring criteria (Table 1) [25].

Mice with a neurobehaviour score of 0 (except those in
the sham group) or 4 and those that died within 24h after
the operation were excluded.

2.7. 2,3,5-Triphenyltetrazolium Chloride (TTC) Staining. The
brains were sliced and immersed in 2% TTC (bccc4696,
Sigma, USA). The infarction size was calculated in
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accordance with the following formula: cerebral infarction
volume percentage = ðcontralateral brain volume − ipsilateral
normal brain volumeÞ/contralateral brain volume × 100%.

2.8. Western Blotting. Right hemisphere tissues were col-
lected and prepared. The antibody information is listed in
Supplementary Table S1. The bands were developed by a
chemiluminescent reagent (Millipore, WBKLS0500, MA,
United States). Relative protein expression was determined
by densitometric analysis with ImageJ software (1.8.0,
NIH, USA).

2.9. Immunohistochemistry and Immunofluorescence. Brain
sections (4μm) were prepared, incubated with primary
antibodies (Supplementary Table S1), and then incubated
with biotin-labelled goat anti-mouse/rabbit IgG (sp-9000-
6mL, ZSGB, China) or immunofluorescence secondary
antibodies (Supplementary Table S1). Images were
captured by using an orthogonal microscope (dm2500,
Leica, Germany) or fluorescence microscope (TS100,
Nikon, Japan).

2.10. Statistical Analysis. The data are shown as the means
± SDs and were analysed using GraphPad Prism 7 (San
Diego, CA, USA). Normality assessment was performed
with the Kolmogorov–Smirnov test (Dallal-Wilkinson-Lillie
correction). Student’s t-test was used to compare data
between two groups. Data from four groups were analysed
using one-way or two-way ANOVA followed by the
Tukey–Kramer post hoc test. Differences were considered
statistically significant if P < 0:05.

3. Results

3.1. Diabetes Exacerbated Cerebral Ischaemia-Reperfusion
Injury. To assess the differences in neuroinflammatory
injury after CIRI between non-DM mice and DM mice, we
established a T2DM mouse model (Figure 1(a)). The FPG
levels and body weights were significantly increased in the
diabetic mice after 8 weeks of age (Figure 1(b)).

The cerebral blood flow (CBF) on the ipsilateral side
decreased by more than 70% relative to baseline in the
MCAO group after monofilament insertion (Figure 1(c)),
which was consistent with our previous results of monitor-
ing CBF by laser Doppler [18]. TTC staining revealed signif-
icant ischaemic brain damage in both the non-DM and DM
MCAO groups (Figure 1(d)). Compared with the non-DM
MCAO group, the mice in the DM MCAO group had larger
cerebral infarction and worse neurobehavioural scores

(Figures 1(d) and 1(e)). Additionally, the DM MCAO group
had more TLR4-NLRP3-IBA-1 colocalization fluorescence
signal than the non-DM MCAO group (Figure 1(f)). These
findings indicated that CIRI caused more severe brain dam-
age and worse outcomes in mice with diabetes. This effect is
likely related to TLR4-NLRP3 activation.

3.2. Cerebral Ischaemia-Reperfusion Activated the TLR4-
NLRP3 Inflammasome and Autophagy Pathways in
Diabetic Mice. Compared with the non-DM MCAO group,
the DM MCAO group exhibited increased TLR4 activation,
nuclear factor-κB (NF-κB) phosphorylation, and NLRP3
inflammasome-related protein expression (Supplementary
Figure S1). Subsequently, we chose diabetic mice to explore
the potential molecular mechanism underlying CIRI, which
has a worse prognosis. We found that the expression of the
proinflammatory factors monocyte chemotactic protein-1
(MCP-1) and tumour necrosis factor-α (TNF-α) was
significantly increased in the DM MCAO group compared
with the DM sham group (Figure 2(a)). This finding
indicated neuroinflammatory activation after CIRI. The
DM MCAO group exhibited greater TLR4 activation after
CIRI compared to the DM sham group (Figure 2(b)).
Similarly, NF-κB phosphorylation and NLRP3
inflammasome-related protein expression were significantly
increased in the DM MCAO group (Figure 2(c)).
Additionally, TLR4 is a sensor of autophagy [26].
Autophagy was significantly activated in the DM MCAO
group (Figure 2(d)). These results suggested that CIRI
activated the TLR4-NLRP3 inflammasome and autophagy
pathways in mice with diabetes.

3.3. Cerebral Ischaemia–Reperfusion Activated TLR4-Positive
Microglia in Diabetic Mice. Microglia are indispensable for
the inflammatory response after stroke, and NLRP3 is
mainly expressed in microglia [27]. Therefore, we assessed
the microglia in the DM mice after stroke. IBA-1 is a marker
of microglia. We found that microglia were recruited to the
ischaemic penumbra in the DM MCAO group
(Figure 3(a)). Additionally, the DM MCAO group had more
TLR4-positive cells (Figure 3(a)). Furthermore, these cells
were mostly IBA-1-positive microglia (Figure 3(b)). These
findings indicated that CIRI increased TLR4-positive micro-
glial recruitment to the ischaemic penumbra.

3.4. ISO Alleviated CIRI and Inhibited TLR4-NLRP3
Inflammasome Pathway Activation in Diabetic Mice. To
investigate whether ISO exerts a neuroprotective effect

Table 1: The scoring criteria.

Scores Features

0 Normal activity without neurological impairment

1 Inability to fully extend the contralateral forelimb in the tail lifting experiment

2 Rotation to the opposite side when walking but normal posture at rest

3 Dumping to the opposite side at rest

4 No autonomic activity and disruption of consciousness
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Figure 1: Continued.
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against CIRI in diabetic mice, we pretreated diabetic mice
with 1.5% ISO for 1 h before inducing MCAO
(Figure 4(a)). The TLR4-specific inhibitor TAK-242 was

used as a control. We found that the infarct volume and
neurobehavioural scores were both decreased after ISO or
TAK-242 treatment (Figures 4(b) and 4(c)). TLR4 and
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Figure 1: Cerebral ischaemia-reperfusion induced more severe damage under diabetes. (a) Diagram of the T2DM mouse model
establishment. (b) Continuous measurement of FPG levels and weight in diabetic mice and nondiabetic mice starting at high-fat diet
feeding (4 weeks of age). (c) Left, representative images of LSCI measurement showing CBF changes during MCAO model construction
(white frames refer to the MCA supply area, scale bar: 1mm). Right, the CBF fractional changes at the timepoint of baseline, MCA
blocking and reperfusion (n = 3). (d) TTC-stained slices from non-DM mice and DM mice in the sham and MCAO groups, and the bar
graph shows ipsilateral infarct size of each group (n = 6 in each group). (e) The neurological deficit scores of the non-DM mice and DM
mice in the sham and MCAO groups (n = 6 in the non-DM and DM sham groups, n = 10 in the non-DM and DM MCAO groups). (f)
Representative immunofluorescence images that microglia (IBA-1, green) expressed TLR4 (red) and NLRP3 (white) colocalization (scale
bar: 9.94μm, magnification: 640x). ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001.
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Figure 2: Cerebral ischaemia-reperfusion increased inflammatory factors and activated the TLR4, NLRP3 inflammasome, and autophagy
pathways in diabetic mice. (a) Top, western blot images of MCP-1 and TNF-α in DM mice in the sham and MCAO groups (n = 3 in
each group). Bottom, the expression of MCP-1 (left) and TNF-α (right, n = 6 in each group). (b) Top, western blot images of TLR4 and
MyD88 (n = 3 in each group). Bottom, the expression of TLR4 (left) and MyD88 (right, n = 6 in each group). (c) Top, western blot
images of p-NF-κB p65 and NLRP3 inflammasome-related proteins (n = 3 in each group). Middle, the expression of p-NF-κB p65 (left)
and NLRP3 (right). Bottom, the expression of caspase-1 (left) and IL-1β (right, n = 6 in each group). (d) Top, western blot images of
autophagy-related proteins (n = 3 in each group). Middle, the expression of LC3B (left) and p62 (right). Bottom, the expression of
Beclin-1 (n = 6 in each group). ∗∗P < 0:01; ∗∗∗P < 0:001.
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MyD88 protein expression was also significantly decreased
in these groups (Figure 4(d)). Consistent with the protein
results, the numbers of TLR4-positive cells in the penumbra
were also significantly decreased, as were the numbers of
TLR4-positive microglia (Figures 4(e) and 4(f)). These data
show that ISO protected against CIRI in diabetic mice.

In further experiments, we focused on the effects of ISO
on inflammatory factors and NLRP3 inflammasome-related
proteins. We found that NF-κB phosphorylation and NLRP3
inflammasome-related protein expression were decreased in
the DM MCAO ISO(+) group and DM MCAO TAK-242
group (Figure 4(g)). This result indicated that ISO exerts
its neuroprotective effect on diabetic stroke by inhibiting

the TLR4-NLRP3 signalling pathway. Moreover, we found
that autophagy-related protein expression was also signifi-
cantly decreased in these groups (Figure 4(h)). These results
demonstrated that ISO protects diabetic mice from stroke by
inhibiting the TLR4-NLRP3 inflammasome-related inflam-
matory response and autophagy.

3.5. TLR4-NLRP3 Inflammasome Pathway Inhibition Was
Indispensable for ISO Neuroprotection. To further elucidate
whether ISO neuroprotection is mediated by TLR4 inhibi-
tion, mice were administered a TLR4-specific agonist,
namely, CRX-527. Compared with the group that received
ISO alone, the DM ISO(+) MCAO CRX-527 group exhibited

IBA-1

TLR4

DM sham DM MCAO

0

5

10

15

20

25

IB
A

-1
 p

os
iti

ve
 ce

lls
/

40
0×

 fi
el

d

IB
A

-1
 p

os
iti

ve
 ce

lls
/

to
ta

l c
el

ls 
(%

)
TL

R4
 p

os
iti

ve
 ce

lls
/

to
ta

l c
el

ls 
(%

)

TL
R4

 p
os

iti
ve

 ce
lls

/
40

0×
 fi

el
d

Sham MCAO
DM

Sham MCAO
DM

Sham MCAO
DM

Sham MCAO
DM

0

10

20

30

40

0

10

20

30

40

50

0

20

40

60

80

⁎⁎⁎ ⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

(a)

DM
sham

DM
MCAO

DAPI IBA-1 TLR4 Merge

(b)

Figure 3: Cerebral ischaemia-reperfusion enhanced TLR4-positive microglial recruitment under diabetes. (a) Top, representative
immunohistochemical images of microglia in the ischaemic penumbra (left, large picture scale bar: 800 μm, magnification: 50x; small
picture scale bar: 100μm, magnification: 400x). Arrows, microglia labelled with IBA-1. Bar graphs showing the total number and the
ratio of IBA-1-positive cells in diabetic sham and MCAO groups (n = 5 in each group). Bottom, representative immunohistochemical
images of TLR4 staining in the ischaemic penumbra (left, large picture scale bar: 800μm, magnification: 50x; small picture scale bar:
100μm, magnification: 400x). Arrows, TLR4 positive cells. Bar graphs (right) showing the total number and the ratio of TLR4-positive
cells (n = 5 in each group). (b) Representative immunofluorescence images that microglia (IBA-1) expressed TLR4 (scale bar: 100μm,
magnification: 200x). Arrows, IBA-1 and TLR4 copositive cells. ∗∗∗P < 0:001.
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Figure 4: Continued.
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increased infarct volumes (Figure 5(a)) and neurobehavioural
scores (Figure 5(b)), indicating that CRX-527 reversed the
effect of ISO. Inevitably, TLR4, MyD88, p-NF-κB p65, and
NLRP3 inflammasome-related protein expression was signifi-
cantly enhanced after CRX-527 administration (Figures 5(c)
and 5(d)), suggesting that CRX-527 reactivated the TLR4-
NLRP3 pathway. Additionally, autophagy-related protein
expression was also elevated (Figure 5(e)). More IBA-1 and

TLR4 double positive cells were observed in the DM ISO(+)
MCAO CRX-527 group than in the control group
(Figure 5(f)). Additionally, more IBA-1 and LC3B double pos-
itive cells were observed in the DM ISO(+) MCAO CRX-527
group than in the control group (Figure 5(g)). Our data thus
indicated that CRX-527 activates the TLR4-NLRP3 inflamma-
some pathway and autophagy in microglia and reverses the
neuroprotective effect of ISO in diabetes.
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Figure 4: ISO suppressed the TLR4-NLRP3 inflammasome pathway in diabetic CIRI. (a) Diagram of the protocol of the ISO. (b) Left, TTC-
stained slices from the sham, MCAO ISO(−), MCAO ISO(+), and MCAO TAK-242 groups in DMmice. Right, the ipsilateral infarct volume
of each group (n = 6). (c) The bar graph shows the neurological scores (n = 6 − 10). (d) Left, western blot images of TLR4 and MyD88 (n = 3
in each group). Bar graphs showing TLR4 (middle) and MyD88 (right) expression (n = 6). (e) Top, representative immunohistochemical
images of TLR4 staining in the ischaemic penumbra (large picture scale bar: 800 μm, magnification: 50x, small picture scale bar: 100 μm,
magnification: 400x). Arrows, TLR4-positive cells. Bottom, bar graphs showing the total number (left) and the ratio of TLR4-positive
cells (right, n = 5). (f) Representative immunofluorescence images that microglia expressed TLR4 (scale bar: 100μm, magnification:
200x). Arrows, IBA-1 and TLR4 copositive cells. (g) Top, western blot image of p-NF-κB p65, NLRP3 inflammasome-related proteins
(n = 3). Middle, the expression of p-NF-κB p65 (left) and NLRP3 (right) expression. Bottom, bar graphs showing caspase-1 (left) and IL-
1β (right) expression (n = 6). (h) Top, western blot image of autophagy-related proteins (n = 3). Middle, the expression of LC3B (left)
and p62 (right). Bottom, the expression of Beclin-1 (n = 6). ∗P < 0:05; ∗∗P < 0:01.
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Figure 5: CRX-527 treatment reversed ISO neuroprotection in diabetic CIRI. (a) Left, TTC-stained slices from the ISO(+) sham vehicle,
ISO(+) sham CRX-527, ISO(+) MCAO vehicle, and ISO(+) MCAO CRX-527 groups in DM mice. Right, the bar graph shows the
ipsilateral infarct size of each group (n = 3 − 6 in each group). (b) The bar graph shows the neurological scores (n = 3 − 10 in each
group). (c) Left, western blot image of TLR4 and MyD88 (n = 3 in each group). Middle and right, bar graphs showing TLR4 (middle)
and MyD88 (right) expression (n = 5 in each group). (d) Top, western blot image of p-NF-κB p65, NLRP3 inflammasome-related
proteins (n = 3 in each group). Middle, bar graphs showing p-NF-κB p65 (left) and NLRP3 (right) expression (n = 5 in each group).
Bottom, bar graphs showing caspase-1 (left, n = 6 in each group) and IL-1β (right, n = 5 in each group) expression. (e) Top, western blot
image of autophagy-related proteins (n = 3 in each group). Middle, the expression of LC3B (left) and p62 (right). Bottom, the expression
of Beclin-1 (n = 5 in each group). (f) Representative immunofluorescence images that microglia expressed TLR4 (scale bar: 100 μm,
magnification: 400x). (g) Representative immunofluorescence images that microglia expressed LC3B (scale bar: 100μm, magnification:
400x). ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001.
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4. Discussion

In this work, ISO was found to exert a neuroprotective effect
against CIRI in diabetic mice by inhibiting TLR4-NLRP3
inflammasome activation. First, we demonstrated that diabe-
tes exacerbatedCIRI and activated the inflammatory response
and autophagy in diabetic mice with ischaemic stroke. Then,
we confirmed that ISO reduced CIRI by decreasing the infarct
volume and ameliorating neurological prognosis. Subse-
quently, we indicated that ISO inhibited TLR4-NLRP3
inflammasome activation and autophagy in microglia
(Figure 6). In addition, we found that ISO-mediated neuro-
protection could be reversed by a TLR4 agonist.

The transient middle cerebral artery occlusion (tMCAO)
model is one of the models that mostly closely simulates
human cerebral ischaemia-reperfusion injury, and it is used
in most studies involving pathophysiological processes or
neuroprotective agents [28]. To establish this model, we
used a thread plug to block the middle cerebral artery,
simulating the ischaemic and hypoxic injury caused by the
temporary clamping of large vessels in clinical surgery.

Diabetes is characterized by chronic systemic inflamma-
tion that causes an immune response and then leads to
microvascular dysfunction [5]. Studies have shown that
diabetes worsens neurological damage after stroke [29, 30].

Our research also confirmed that diabetes exacerbated CIRI
and worsened ischaemic stroke outcomes. Neuroinflamma-
tion is worth mentioning in CIRI. The activation of
danger-associated molecular patterns (DAMPs) after stroke
triggers the production of various cytokines, which cause
neuroinflammation and result in neuronal damage. More-
over, CIRI activates microglia, causing the removal of dead
neurons and the restoration of nerve function [31]. Overac-
tivated microglia release cytotoxins in the central nervous
system, leading to neuronal death [32]. MCP-1 is a classic
chemokine of microglial migration. Our data showed micro-
glial recruitment in the ischaemic penumbra. Additionally,
MCP-1 and TNF-α expression was significantly increased,
which indicated severe inflammation in diabetic stroke.

The TLR4 signalling pathway is one of the main immune
mechanisms that enhances inflammation-mediated brain
injury after stroke [33]. The expression of TLR4 is increased
in the immune cells of diabetic patients [34] and is probably
activated by hyperglycaemia [35]. In addition, an imbalance
in intestinal flora in patients with diabetes may cause high
expression of TLR4 [36]. TLR4 activation is positively corre-
lated with cerebral infarct volume, which may underlie the
association of TLR4 expression with worse prognosis after
stroke [37]. Our study found that diabetic ischaemic stroke
increased the expression of TLR4, its adaptor MyD88 and
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Figure 6: Scheme of the ISO neuroprotective mechanism in diabetic CIRI.Ischaemic stroke induced an inflammatory response and
autophagy activation in diabetic mice. ISO inhibited TLR4 activation and downstream NF-κB p65 phosphorylation, resulting in
suppressing NLRP3 inflammasome formation. Finally, the proinflammatory factor IL-1β accumulation was descended. In addition, ISO
alleviated the overactivation of autophagy. In summary, ISO attenuated CIRI and provided a neuroprotective effect.
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its downstream protein phospho-NF-κB, which indicated
that TLR4 was activated in diabetic stroke. We further found
that TLR4 was mainly expressed in microglia in the ischae-
mic penumbra of diabetic mice. A previous study showed
that activated TLR4 can promote NLRP3 inflammasome
activation, which promotes excessive inflammation [38,
39]. Correspondingly, our study showed that the NLRP3
inflammasome was also activated in the microglia of diabetic
mice with CIRI.

Perioperative stroke is defined as cerebral infarction that
occurs within 30 days after surgery. In surgeries, such as
heart operation and carotid endarterectomy, CBF is usually
temporarily blocked or reduced, resulting in iatrogenic tem-
porary cerebral ischaemia [40]. In addition, the incidence of
stroke after noncardiac surgery is as high as 2% [41]. Thus, it
is very important to use appropriate anaesthetic drugs for
clinical anaesthesia to prevent CIRI. Inhaled anaesthetics
have been shown to be neuroprotective in ischaemic brain
injury. Isoflurane, sevoflurane, and desflurane, which are
often used in the clinic, have similar potential neuroprotec-
tive mechanisms, and there are no differences in their neuro-
protective effects [42]. ISO is a common inhaled anaesthetic
used for clinical anaesthesia that has the dual properties of
neurotoxicity and neuroprotection; the effects of ISO are
based on the exposure concentration and duration, as well
as the brain age [43]. Low-dose and short-term exposure
to ISO has shown anti-CIRI properties in vitro and in vivo
[8, 44–46]. However, it is unclear whether ISO exerts neuro-
protective effects in stroke complicated with diabetes. In this
study, we demonstrated that ISO had neuroprotective prop-
erties. The inhibition of TLR4 may be a potential mechanism
by which ISO exerts its neuroprotective effects [47–49]. We
found that ISO inhibited TLR4 signalling in diabetic model
mice after stroke. TAK-242 (also called CLI-095) is a selec-
tive TLR4 antagonist that blocks the TLR4 signalling
pathway in mice [50]. We observed that the effect of ISO
was similar to that of TAK-242. Inhibition of the NLRP3
inflammasome has been demonstrated to be a sufficient
treatment for diabetic stroke [51]. Our data showed that
ISO can interfere with the TLR4-NLRP3 signalling pathway
in microglia in diabetic stroke. Finally, we administered the
TLR4-specific agonist CRX-527 to elucidate the mechanism
underlying the neuroprotective effects of ISO. We found that
CRX-527 increased the cerebral infarct volume, worsened
the neurobehavioural scores, and reversed the neuroprotec-
tive effect of ISO. In summary, our results indicated that
the neuroprotective effects of ISO are mediated by the
TLR4-NLRP3 signalling pathway.

Interestingly, ISO also inhibited autophagy in diabetic
stroke. Autophagy is an important cellular process that
maintains intracellular homeostasis and survival. However,
stroke-induced excessive autophagy is considered harmful
(10). We assessed the autophagic flux by measuring
increases in LC3B, p62, and Beclin-1 expression after dia-
betic stroke. ISO reduced LC3B and Beclin-1 expression
after stroke, indicating that the production of autophago-
somes was decreased. The increase in p62 expression was
inhibited by ISO, indicating that the synthesis of autophago-
somes and lysosomes was increased. Additionally, this

process is likely to occur in microglia. However, the changes
in the autophagic flux induced by stroke remain complex,
and we have not conducted in-depth research on the rela-
tionship between the neuroprotective properties of ISO and
the autophagic flux, which is a limitation of this study and
requires further exploration.

In summary, our research revealed important evidence
of a close relationship between diabetes and stroke. We dem-
onstrated that ISO reduced CIRI in the context of diabetes
by inhibiting the TLR4-NLRP3 signalling pathway. ISO
may be an important and clinically relevant drug for patients
who need to undergo general anaesthesia but are prone to
perioperative ischaemic stroke.
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