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Background: Obesity is recognized as a primary risk factor for cerebral ischemia, which has shown a significant increase in its 
incidence among obese patients. The exact mechanism by which obesity exacerbates cerebral ischemic injury is not fully understood 
though. The present study validated the hypothesis that obesity mediates pyroptosis by the AGEs/RAGE signaling pathway to 
exacerbate cerebral ischemic injury.
Methods: Leptin receptor knockout (Lepr−/−) rats were used in this study to construct an obesity model, and the middle cerebral 
artery occlusion (MCAO) models of ischemic stroke were established in Lepr−/− obese rats and their wild-type (WT) littermates 
respectively. Zea-Longa score, TTC and H&E staining were utilized to evaluate the neurological impairment. Western Blot, 
immunohistochemistry, and immunofluorescence were used to detect protein expressions. Transmission electron microscopy was 
used to observe the pores in the neuronal cell membrane in the ischemic penumbra cortex.
Results: Compared with WT littermates, Lepr−/− obese rats exhibited exacerbated neuronal injury after MCAO, with higher 
expressions of NLRP3 inflammasome and pyroptosis-related proteins in the cortical tissue of the penumbra. Moreover, more 
GSDMD pores were observed on the neuronal cell membranes of Lepr−/− obese rats according to the electron microscopy. 
Inhibition of NLRP3 inflammasome expression with MCC950 inhibited neuronal pyroptosis after cerebral ischemia in Lepr−/− 

obese rats, thus reducing neuronal injury. We also found that compared with WT littermates, the levels of AGEs and RAGE in the 
cortex of Lepr−/− obese rats are significantly higher, with further increase after cerebral ischemia. Inhibition of AGEs/RAGE signaling 
pathway with FPS-ZM1 reduced the NLRP3 inflammasome-mediated neuronal pyroptosis in Lepr−/− obese rats, thereby mitigating the 
neuronal damage after cerebral ischemia.
Conclusion: The AGEs/RAGE signaling pathway is involved in the exacerbation of cerebral ischemic injury in Lepr−/− obese rats via 
regulating NLRP3-mediated neuronal pyroptosis.
Keywords: MCAO, neuronal pyroptosis, NLRP3, Lepr−/− obese rats, AGEs/RAGE signaling pathway

Introduction
The association between obesity and cerebral ischemia has been confirmed in numerous studies. For example, in 2015, 
Heuschmann et al reported that 35.5% of cerebral ischemia patients were obese among 881 patients with a median age of 
66 years in a EUROASPIRE cross-sectional survey conducted across various European countries.1 In fact, the incidence 
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of stroke in obese individuals is significantly higher than in normal-weight people. Some researchers suggest that obesity 
can increase the incidence of stroke by promoting inflammatory responses and oxidative stress, and the severity of brain 
tissue damage in obese patients after stroke is also greater than that in stroke patients with normal weight, ultimately 
resulting in poor prognosis for the patients.2,3 By contrast, other researchers propose the existence of an “obesity 
paradox”, whereby a higher body weight unexpectedly improves a patient’s prognosis and reduces the likelihood of 
mortality during stroke development.4–6 Therefore, it is of great significance to study the mechanism of obesity 
aggravating cerebral ischemia injury, so as to reduce neural damage and mortality in obese patients.

Pyroptosis is a form of pro-inflammatory programmed cell death characterized by cell swelling, membrane rupture, 
and the release of inflammatory mediators following activation of the inflammasome.7,8 The pathways of pyroptosis 
involve the classical pyroptosis pathway mediated by caspase-1 and the non-classical pathway mediated by caspase-4/5/ 
11. More specifically, the classical pyroptosis pathway is triggered by the activation of caspase-1 through the action of 
the NLRP3 inflammasome. Cerebral ischemia-reperfusion leads to the activation of NLRP3, prompting the conversion of 
pro-caspase-1 into caspase-1, which then induces gasdermin D (GSDMD) to form pores in the cell membrane, releasing 
inflammatory factors and causing lytic cell death.9 In recent years, an increasing number of studies have suggested that 
inflammasomes and their mediated pyroptosis play a crucial role in the pathogenesis and neural functional impairment 
associated with ischemic stroke.10 Moreover, obesity can induce sustained low-grade inflammation, which triggers or 
promotes obesity-related diseases such as insulin resistance, enteritis, and cardiovascular disease.11,12 The expression of 
the NLRP3 inflammasome increases in obese patients and triggers the release of pro-inflammatory cytokines interleukin 
IL-1β and IL-18, thereby activating the inflammatory response. This mechanism plays a key role in obesity-related 
metabolic disorders and insulin resistance.13,14 However, it still remains unclear whether obesity aggravates cerebral 
ischemic injury by activating NLRP3-mediated pyroptosis.

Advanced glycation end products (AGEs) are products of non-enzymatic glycation and lipid oxidation of some 
reducing sugars such as glucose and fructose, which are widely distributed in tissues and cells within the body. When 
AGEs increase in the body, they primarily bind to their receptor RAGE, and then activate and promote inflammatory 
reactions and oxidative stress.15,16 Previous studies have found that AGEs are closely related to cerebral ischemia and 
neurological diseases. Ma et al found an increased expression of RAGE mRNA in the hippocampal CA1/2 region of rats 
with moderate ischemia and hypoxia for 72 hours by in situ hybridization, whereas there was no change in RAGE on the 
opposite side of ischemia.17 Reddy et al found that in an AD animal model, AGEs bind to RAGE and up-regulate the 
expression of RAGE mRNA and protein, leading to a significant increase in phosphorylated tau protein.18 Recent reports 
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suggested that the expression levels of AGEs and RAGE proteins increased in the plasma and adipose tissues of obese 
patients. AGEs can induce the production of inflammatory mediators in adipocytes and macrophages through binding to 
RAGE, thereby mediating the occurrence of obesity-related complications.19 However, it has not yet been determined 
whether obesity exacerbates cerebral ischemic injury by upregulating AGEs/RAGE signaling pathway and overactivating 
NLRP3 to induce pyroptosis in neuronal cells.

To elucidate the aforementioned problems, this study employed leptin receptor knockout (Lepr−/−) rats as an obesity 
model to investigate whether the Lepr−/− obese rats with MCAO exhibit aggravated cerebral ischemia-reperfusion injury 
via the upregulation of AGEs/RAGE and over-activation of the NLRP3 inflammasome, thus leading to an increased 
neuronal pyroptosis.

Materials and Methods
Experimental Animals
The parental Lepr+/- rats (Lepr knockout heterozygotes, Sprague-Dawley background) were donated by Professor Zhang 
Lianfeng from the Institute of Experimental Animals, Chinese Academy of Medical Sciences (SCXK 2019–0002). In 
patients with obesity and metabolic disorders, the leptin signaling pathway may be disabled due to leptin resistance, 
which is similar to LepR knockout rats. Therefore, leptin resistance in patients with obesity and metabolic disorders can 
be partially simulated in a LepR knockout rat model.20,21 The Lepr+/- rats, Lepr−/− rats, and wild-type SD rats (8 weeks 
old) were all housed under specific-pathogen-free (SPF) conditions at the Animal Center of Hebei Medical University 
(SYXK (Ji) 2019–005), with an ambient temperature of 20–25°C and a humidity of 40–70% for a 12 hour light/dark 
cycle, in transparent cages with standard laboratory food and water ad libitum. Due to the potential neuroprotective 
effects of estrogen in the context of cerebral ischemia-reperfusion injury,22 only male rats were used to minimize the 
variability in experimental data caused by gender differences. All the procedures were performed in accordance with the 
welfare and ethical requirements for experimental animals established by Hebei Medical University (ethical approval 
number LACUC-Hebmu-PD-201918).

Our decision on sample size was made with a combination of ethical considerations, statistical power, and the 
intricate challenges inherent in the model construction process. In the experimental design, the delicate balance between 
robust statistical analysis and ethical principles underlying animal welfare was meticulously considered. Statistical 
software GPower 3.1 was used to ensure the stability of the statistical method and meet the requirements of sample 
calculation power. Detailed information on sample size determination is listed in Supplemental Table 1.

Groups
The study primarily consisted of WT Sham group, WT MCAO group, Lepr−/− Sham group and Lepr−/− MCAO group to 
investigate whether Lepr−/− obesity can aggravate cerebral ischemic injury and pyroptosis in rats. The rats underwent 
neurological deficit testing 24 hours after MCAO, and then were sacrificed by decapitation under inhalation anesthesia 
with 4–5% isoflurane. The brain of the rats was obtained for the measurement of cerebral infarct volume by TTC 
staining, histological evaluation by H&E staining, GSDMD, N-terminal GSDMD, NLRP3, Pro-caspase-1, Cleaved 
caspase-1, Mature IL-18, Mature IL-1β, AGEs and RAGE protein expression by IF staining, IHC staining and 
Western blot, GSDMD, NLRP3 and RAGE mRNA expression by qRT-PCR and ultrastructural evaluation by transmis-
sion electron microscopy.

Furthermore, to investigate the effects of NLRP3 on neuronal pyroptosis and the relationship between AGEs/RAGE 
pathway and NLRP3-mediated neuronal pyroptosis in Lepr−/− obese rats during cerebral ischemia-reperfusion injury, 
MCC950 (the inhibitor of NLRP3) and FPS-ZM1 (the inhibitor of RAGE) were used to design MCC950 + Lepr−/− 

MCAO and FPS-ZM1 + Lepr−/− MCAO groups, respectively. In MCC950 + Lepr−/− MCAO group, MCC950 was 
administered by tail vein injection 1 hour before the MCAO at a dose of 5 mg/kg according to previous reports.23 

A solvent control group was designed, in which DMSO was administered instead of MCC950 to the Lepr−/− MCAO rats. 
In FPS-ZM1 + Lepr−/− MCAO group, FPS-ZM1 (dissolved in a solvent consisting of 3% DMSO + 40% PEG300 + 1% Tween 
80 + 54% saline) was administered via intraperitoneal injection at 5 minutes and 1 hour after MCAO with a dosage of 5 mg/kg 
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each time according to previous reports.24 Simultaneously, a solvent control group was designed, in which the solvent of FPS- 
ZM1 was administered instead of FPS-ZM1 to the Lepr−/− MCAO rats. The rats were sacrificed after neurological deficit 
testing 24 hours after MCAO, and other treatments were the same with above mentioned.

Focal Cerebral Ischemia
A model of transient focal cerebral ischemia was established by blocking and reopening the blood flow in the middle 
cerebral artery of rats.25 More specifically, the rats were subjected to a 12-hour fasting period, during which they had free 
access to water, prior to the surgery. After inducing anesthesia with isoflurane, the skin was incised along the midline of 
the neck, with layer by layer separation revealing the vagus nerve and the left common carotid artery (CCA). Moreover, 
the internal carotid artery (ICA) and external carotid artery (ECA) branches were also identified. The ECA was ligated 
using a silk thread, while the ICA was temporarily clamped using an artery clamp. The proximal end of the CCA was 
ligated with a silk thread, whereas the distal end was prepared using a movable knot. The proximal ligation line was 
gently elevated, and a small incision was made in the CCA between the two knots. A thread embolus was slowly inserted 
via this incision, passing through the bifurcation into the ICA. The artery clamp was opened when encountered.

The process was stopped when a slight resistance was felt at approximately 18–20 mm from the entrance, and then the 
ligature on the CCA was firmly tied. After 90 minutes of blocking the blood flow in the middle cerebral artery, while the rat 
remained under anesthesia, the embolus was gently withdrawn, initiating reperfusion. The Sham group underwent the same 
procedures, save for the insertion of the embolus. 1% procaine hydrochloride was locally administered to the wound before the 
wound suture to prevent postoperative pain, and the surgical site was thoroughly disinfected by local drops of gentamicin to 
reduce the risk of infection. Additionally, the rats were housed individually after surgery to prevent stress from contact with 
other animals, and a heating blanket was used to maintain the animals’ body temperature at 37±1 ° C to promote postoperative 
recovery. All surgical procedures were performed under deep anesthesia, and the recovery process strictly followed animal 
ethics guidelines to minimize pain and distress. Ad libitum access to water and food was provided.

Drug Administration
One hour before the MCAO surgery, the NLRP3 inhibitor MCC950 (5 mg/kg, Cat No. HY-12815A, Selleck Chemicals, USA) 
was administered via the tail vein. The control group received an equivalent volume of DMSO. Tail vein injection provides 
effective systemic delivery in rodent models, ensuring rapid and uniform distribution of the inhibitor throughout the body.26,27 

MCC950 can cross the blood-brain barrier, making it appropriate in an acute ischemic stroke model. Li X23 showed that 5 mg/ 
kg of MCC950 effectively inhibits NLRP3 inflammasome activation without significant off-target effects or toxicity, making it 
a suitable choice for our study. The RAGE inhibitor FPS-ZM1 (Cat No. HY-19370, Med Chem Express, USA) was dissolved 
in a solvent (3% DMSO + 40% PEG300 + 1% Tween 80 + 54% saline) and administered via intraperitoneal injection at 
5 minutes and 1 hour after the surgery, with a dosage of 5 mg/kg each time according to previous report.24 Here, the control 
group received an equivalent volume of the solvent at the same two time points.

Neurological Deficit Testing
The neurological deficits of the rats were assessed at 24 hours after reperfusion according to the Longa method.25 To 
reduce the potential for bias, a double-blind design was followed (the experimental personnel did not know which group 
was being analyzed). The Zea-Longa assessment criteria were used to assess the neurologic deficits according to prior 
descriptions.25 Briefly, 0 points indicated no obvious neurological deficit, 1 point indicated the right forepaw failed to 
extend fully, 2 points indicated the rat rotated rightward, 3 points indicated the rat tilted to the right, and 4 points 
indicated the rat was unable to walk independently and lost consciousness.

Cerebral Infarct Volume Measurement
The rats were decapitated immediately after being anesthetized 24 hours after reperfusion. The whole-brain tissues were 
rapidly harvested and frozen at −20°C for 10 min, and they were then cut into 2 mm thick coronal sections and stained 
with 2% triphenyl tetrazolium chloride (TTC Cat No. A1010, Beijing, China) solution for 15 min at 37°C. The stained 
brain slices from the different groups were photographed using a microscope (Olympus BX63, Japan). Six serial coronal 
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brain sections were obtained from each rat for the analysis of infarct volume. The sections were stained with 2% 
triphenyl tetrazolium chloride solution. The unstained areas were defined as infarct area, and the relative infarct volume 
was calculated using image analysis software (Image J software, National Institutes of Health, Bethesda, MD, USA)28 

with the following formula: (the volume of contralateral hemisphere-noninfarct volume of ipsilateral hemisphere)/ (the 
volume contralateral hemisphere×2) × 100%.

Hematoxylin and Eosin (H&E) Staining
The rats were transcardially perfused with 4% paraformaldehyde under deep anesthesia at 24 hours after reperfusion. 
Their brains were then rapidly removed, fixed in 4% paraformaldehyde for 48 hours, and cut into 5-μm-thick continuous 
coronal brain slices, which were dehydrated using xylene and ethanol and then stained with H&E (Cat No. G1120, 
Beijing, China). The stained brain slices from the different groups were photographed using a microscope (Olympus 
BX63, Japan). Five images were taken from each rat. The observations were conducted across five independent batches.

Western Blot Analysis
Western blot analysis was performed using electrophoresis apparatus, as reported previously.29 The total protein was 
harvested from the cerebral ischemic penumbra and extracted using RIPA lysis buffer (Cell Signaling Technology, USA) 
on ice from the supernatants following centrifugation at 12,000 rpm for 15 min. The protein concentrations were 
determined via the BCA protein assay. Next, the protein samples were separated with 8%, 12%, or 15% SDS-PAGE 
gel and then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, USA). These membranes were 
probed overnight at 4°C using primary antibodies. The primary antibodies were as follows: rabbit anti-NLRP3 polyclonal 
antibody (1:1000, Cat No. 19771-1-AP, Proteintech, China, RRID: AB_10646484), rabbit anti-GSDMD (1:1000, Cat No: 
AB219800, Abcam, UK), rabbit anti-N-GSDMD polyclonal antibody (1:1000, Cat No. AF4012, Afnity Biosciences, 
China), rabbit anti-pro-caspase-1 polyclonal antibody (1:1000, Cat No. ET1608-69, HUABIO, China), rabbit anti- 
cleaved caspase-1 polyclonal antibody (1:1000, Cat No. E2G2I, Cell Signaling, USA), mouse anti-IL-1β (1:200, Cat 
No: sc-12742, Santa, USA), rabbit anti-IL-18 (1:1000, Cat No: 10663-1-AP, Proteintech, USA, RRID: AB_2123636), 
rabbit anti-AGEs (1:1000, Cat No: AB23722, Abcam, UK), rabbit anti-RAGE (1:1000, Cat No: AB37647, Abcam, UK), 
mouse anti-β-actin (1:3000, Cat No: 66009-1-lg, Proteintech, USA, RRID: AB_2687938), and rabbit anti-GAPDH 
polyclonal antibody (1:5000, Cat No. 10494-1-AP, Proteintech, China, RRID: AB_2263076). The membranes were 
washed and then treated with the secondary antibodies for 60 minutes at 37°C. The secondary antibodies were as follows: 
goat anti-rabbit IgG (1:3000, Cat No. SA00001-2, Proteintech, China, RRID: AB_2722564) for NLRP3, GSDMD, 
N-GSDMD, Pro-caspase1, Cleaved-caspase1, IL-18, AGEs, RAGE, and GAPDH; goat anti-mouse IgG (1:2000, Cat No. 
SA00001-1, Proteintech, China, RRID: AB_2722564) for IL-1β and β-actin. The primary antibodies of GSDMD, IL-18, 
AGEs, RAGE have been confirmed its specific by knockout test. The specificity of other primary antibodies were 
selected from high-quality articles of similar studies.

The bands were visualized by means of enzyme-linked chemiluminescence in a detection system (Azure C400, USA). 
Quantitative analysis of the protein bands was conducted using ImageJ software. The relative expression levels of the 
target proteins or genes were normalized to housekeeping proteins (GAPDH or β-actin) and expressed as a fold change 
relative to the control group.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Each rat’s cerebral ischemic penumbra tissues were separated and homogenized using TRIzol reagent (Invitrogen, USA). 
The PrimeScript RT Reagent Kit (RR047A, Takara, Japan) was used for the reverse transcription of the RNA. We 
performed qPCR to detect the mRNA levels using the SYBR Premix Ex Taq II (RR820A, Takara) in a 2.1 Real-Time 
PCR System (Bio-Rad, USA) according to the manufacturer’s instructions. The PCR results were quantified via a 2−ΔΔCt 

method, and the relative mRNA expression of the target genes, including NLRP3, GSDMD, and RAGE, was normalized 
to that of the housekeeping gene (GAPDH) and expressed as a fold change relative to the control group. The sequences 
of the utilized primers are listed in Table 1.
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Immunofluorescence Staining
The rats were transcardially perfused with 4% paraformaldehyde under deep anesthesia at 24 hours after reperfusion. 
Their brains were rapidly extracted, soaked in 4% paraformaldehyde for 48 hours, and then cut into 5-μm-thick 
continuous coronal brain slices. Double immunofluorescence staining was employed to identify the specific cell 
populations that exhibited NeuN expression in each rat’s brain and to illustrate the presence of NLRP3 and GSDMD 
in the neurons. The paraffin sections were heated for 1 hour (55–60°C), dewaxed in xylene, and rehydrated in PBS. 
Following antigen retrieval in Tris/EDTA buffer (pH 9.0) and blocking with 10% goat serum at 37°C for 1 hour, the 
slices were incubated overnight at 4°C with the following primary antibodies: anti-NLRP3 (1:200, Cat No: PA5-79740, 
Thermo Fisher, USA), anti-GSDMD (1:100, Cat No: AB219800, Abcam, USA), and anti-NeuN (1:100, Cat No: 66836- 
1-Ig, Proteintech, USA). On the subsequent day, after being washed with PBS, the sections were incubated with Alexa 
Fluor 594 goat anti-rabbit IgG (1:200, Cat No. SA00013-4, Proteintech, China) and Alexa Fluor 488 goat anti-mouse IgG 
(1:200, Cat No. SA00013-1, Proteintech, China) in the dark at 37°C for 1 hour. Sections were washed in PBS and then 
sealed with the DAPI mounting buffer (Cat No. S2110, Solarbio, China). All the images were acquired using 
a microscope (Olympus BX63, Japan).The data was assessed based on the count of positive cells and the intensity of 
immunofluorescence. Five images were taken from each rat. The observations were conducted across five independent 
batches. The ImageJ software was used to analyze the positive signal of the target protein (GSDMD or NLRP3 positive 
cells per 0.1mm2 cell).

Electron Microscopy
Tissues (1 × 1×1 mm) were dissected from the cerebral ischemic penumbra and then successively fixed in 2.5% glutaraldehyde 
and 1% osmium tetroxide. Following dehydration and insertion, the tissues were cut into 70-nm slices. The samples were 
observed and scanned using an H7500 Transmission Electron Microscope (Hitachi, Japan). Three regions were examined in 
the brain samples of each rat. The observations were conducted across three independent batches. The pyroptosis pores of 
GSDMD with a diameter of 10–14 nm30 were observed by transmission electron microscopy.

Immunohistochemistry (IHC)
IHC analysis was performed to determine the RAGE expression at 24 hours after reperfusion. Briefly, the rats’ brains 
were fixed, dehydrated, and trimmed according to the same method used in the H&E assay and then embedded in paraffin 
prior to slicing into 5-μm-thick sections. The endogenous peroxides were blocked using 3% H2O2 for 10 min and the 
nonspecific antigens were then blocked with 5% goat serum for 1 hour at 37°C. The sections were incubated with the 
primary antibody against RAGE (1:200, ab37647, Abcam, UK) overnight at 4°C. Brain sections were washed three times 
with PBS and subsequently incubated with the secondary antibody (Cat No. SP-0022, Bioss, China) for 60 minutes at 
37°C. Then, the brain sections were incubated with the horseradish peroxidase-conjugated streptavidin working solution 
(Cat No. SP-0022, Bioss, China) for 60 min at 37°C. After being washed with PBS, the slices were treated with a DAB 
substrate (Cat No. ZLI-9017, Zhongshan, China). Images were acquired using a microscope (Olympus BX63, Japan). 

Table 1 The Primer Sequences of NLRP3, 
GSDMD, RAGE, and GAPDH

Name Primer (5′ ~ 3′)

NLRP3 5′-ATGCTGCTTCGACATCTCCT-3′
3′-AACCAATGCGAGATCCTGAC-5′

GSDMD 5′-CAGGCAGGCAGTATCACTCA −3′
3′- AGGCCACAGGTATTTTGTCG-5′

RAGE 5′-CCAACTACCGAGTCCGAGTC-3′
3′-GTCTCCTCCTTCACAACTGTC-5′

GAPDH 5′-ACCACAGTCCATGCCATCAC-3′
3′-TCCACCACCCTGTTGCTGTA-5′
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Five images were taken from each rat. The observations were conducted across five independent batches. The integrated 
optical density (IOD) of the RAGE protein in the sections was measured using Image J software (National Institutes of 
Health, Bethesda, MD, USA). The average IOD of each group was then calculated and compared.

Statistical Analysis
Following previous research guidelines and setting a significance criterion at α=0.05 and power at 0.80, the minimum required 
sample size with this effect size for a WilcoxonMann Whitney test between two groups was determined to be N=3.31

Normality was evaluated using the Shapiro–Wilk test and variance homogeneity was assessed by the Levene test 
within the group. The results of TTC staining, Western blot, qRT-PCR, immunofluorescence staining, and immunohis-
tochemical staining experiments were presented as mean ± SD, and one-way ANOVA followed by Tukey’s analysis was 
used to analyze differences between the groups. The Zea-Longa’s scores were presented as medians±interquartile range 
and Kruskal–Wallis test was used to analyze differences between the groups. Detailed information on the statistical tests 
is presented in Supplemental Table 2. All statistical analyses were conducted using GraphPad Prism software 8.0 
(GraphPad Software, USA), with P<0.05 deemed statistically significant. To maintain the objectivity of the research, 
the authors were blinded to the experimental protocol and did not have access to the statistical calculations during the 
execution of experiments.

Results
Obesity Induced by Leptin Receptor Knockout Aggravated Cerebral Ischemic Injury in 
Rats After MCAO
We subjected the Lepr−/− obese rats and WT littermates to MCAO and then compared the differences in their 
neurological function scores, infarct volumes, and neuronal morphological changes in the ischemic penumbra area of 
cerebral cortex (Figure 1). The results indicated significantly elevated neurological function scores neuronal injury, and 
increased infarct volume in both WT littermates and Lepr−/− obese rats in the MCAO group when compared with the 
Sham group (P < 0.05). When compared with WT MCAO group, Lepr−/− MCAO group showed aggravated neuronal 
injury and further increased infarct volume, which was 1.53 times that of the WT MCAO group. (P < 0.05), but no 
significant difference in neural function scores (P > 0.05) (Figure 1A). The above results indicate that compared to the 
WT littermate, Lepr−/− obese rats exhibited more severe neural injury after cerebral ischemia.

Obesity Induced by Leptin Receptor Knockout Exacerbates Neuronal Pyroptosis in 
Rats After MCAO
We compared the neuronal pyroptosis differences of the WT littermates and Lepr−/− obese rats after cerebral ischemia- 
reperfusion. Western blot result showed that compared with the WT Sham group, the expressions of pyroptosis-related 
proteins GSDMD and N-terminal GSDMD in the WT MCAO group significantly increased, which were 2.35 times and 
3.05 times that of the WT Sham group, respectively. While the expressions of GSDMD and N-terminal GSDMD in the 
Lepr−/− MCAO group were 3.03 times and 4.32 times that of the Lepr−/− Sham group, respectively. Moreover, when 
compared with the WT MCAO group, the expressions of GSDMD and N-terminal GSDMD in Lepr−/− MCAO group 
were further elevated, which were 1.5 times and 1.54 times that of the WT MCAO group, respectively (P<0.05) 
(Figure 2A). The trend in terms of the GSDMD mRNA expression was consistent with that of the Western blot results, 
which the value in WT MCAO group was 2.13 times that in the WT Sham group, the value in the Lepr−/− MCAO group 
was 3.89 times that in the Lepr−/− Sham group, and the value in Lepr−/− MCAO group was 2.29 times that in the WT 
MCAO group (P<0.05) (Figure 2B). Immunofluorescence staining revealed that the value of GSDMD positive cells in 
the WT MCAO group was 13.8 times that in the WT Sham group, and the value in the Lepr−/− MCAO group was 16.89 
times that in the Lepr−/− Sham group. Additionally, the neuronal GSDMD fluorescence intensity in Lepr−/− MCAO 
group was further increased, which was 2.2 times when compared with the WT MCAO group (P<0.05) (Figure 2C and 
D). Transmission electron microscopy was used to observe the pores in the neuronal cell membrane in the ischemic 
penumbra cortex. The results revealed that when compared with the WT MCAO group, the Lepr−/− MCAO group had 
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more GSDMD pores in the neuronal cell membrane (Figure 3). These findings indicate that when compared with WT 
littermates, Lepr−/− obese rats exhibit more pronounced neuronal pyroptosis following cerebral ischemia.

Obesity Induced by Leptin Receptor Knockout Amplifies NLRP3 Inflammasome 
Activation in Rats After MCAO
The NLRP3 inflammasome is an upstream signal for neuronal pyroptosis. Therefore, this study further explored whether 
over activation of NLRP3 aggravates neuronal pyroptosis in the Lepr−/− obese rats after cerebral ischemia. Western blot 
results revealed that compared with the WT Sham group, the expression of NLRP3, Pro-caspase-1, Cleaved caspase-1, 
Mature IL-18, and Mature IL-1β in WT MCAO group were significantly elevated, which were 2.65 times, 1.82 times, 
2.05 times, 1.95 times and 1.96 times that of the WT sham group, respectively. While the the expression of NLRP3, Pro- 
caspase-1, Cleaved caspase-1, Mature IL-18, and Mature IL-1β in Lepr−/− MCAO group were 2.16 times, 2.22 times, 
2.78 times, 2.18 times and 2.17 times that of the Lepr−/− Sham group, respectively. Moreover, when compared with the 
WT MCAO group, the Lepr−/− MCAO group exhibited a further increase in the expression of NLRP3 (P<0.05), Pro- 
caspase-1, Cleaved caspase-1, Mature IL-18, and Mature IL-1β, which were 1.15 times, 1.39 times, 1.47 times, 1.38 
times and 1.37 times that of WT MCAO group, respectively. (P<0.05) (Figure 4A). The qRT-PCR results indicated that 

Figure 1 More severe neuronal damage after MCAO in Lepr−/− obesity rats. (A) Zea-Longa score of Lepr−/− obesity rats or litter of wild rats in each group. (n = 10 in each 
group, power value = 0.99, KW = 35.75, P < 0.0001). Data are presented as medians±interquartile range. Data were analyzed using the Kruskal–Wallis test. (B) 
Representative images of HE staining in the cortex penumbra region, with the abnormality neurons indicated through the red arrows (scale bar = 20 μm). (n = 5 in each 
group). (C and D) Representative TTC staining (C) and statistical comparison of relative infarction volume (D) in each group (n = 6 in each group, power value = 0.97, 
F(3, 20) = 290.7, P < 0.0001). Data are presented as mean ± SD. One-way ANOVA followed by Tukey’s analysis. **P < 0.01, ****P < 0.0001 vs WT Sham group, ###P < 0.001, 
####P < 0.0001 vs Lepr−/− Sham group, &&&&P < 0.0001 vs WT MCAO group.
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the value in WT MCAO group was 2.08 times that in the WT Sham group and the value in the Lepr−/− MCAO group 
was 3.23 times that in the Lepr−/− Sham group. Additionally, when compared with the WT MCAO group, the Lepr−/− 

MCAO group displayed a significant increase in the NLRP3 mRNA levels, which was 2.16 times that of the WT MCAO 
group (Figure 4B) (P<0.05). Immunofluorescence staining revealed a notable increase in NLRP3-positive neurons in the 
ischemic penumbra cortex of the WT MCAO group which was 13.8 times that of the WT Sham group. While the value in 
the Lepr−/− MCAO group was 31.6 times that in the Lepr−/− Sham group. Furthermore, the Lepr−/− MCAO group 
exhibited a further elevation in the NLRP3 fluorescence intensity in the cortical penumbra neurons which was 2.29 times 
when compared with the WT MCAO group. (P<0.05) (Figure 4C and D). These results suggest that the NLRP3 
inflammasome is over activated in Lepr−/− obese rats following cerebral ischemia, aggravating neuronal pyroptosis.

Figure 2 More severe neuronal pyroptosis after MCAO in Lepr−/− obesity rats. (A) Protein expression of GSDMD (n = 4 in each group power value = 0.94, F (3, 12) = 178.6, 
P < 0.001) and N-terminal GSDMD (n = 3 in each group, power value = 0.82, F (3, 8) = 69, P < 0.001) in the cortex penumbra region in each group. (B) qRT-PCR results 
showed the mRNA expression of GSDMD in the cortex penumbra region in each group. (n = 4 in each group, power value = 0.81, F (3, 12) = 592, P < 0.001). (C and D) 
Representative Immunofluorescence staining (C) and statistical comparison of Relative GSDMD positive cells (D) in each group (scale bar = 40 μm) (n = 5 in each group, 
power value = 0.91, F (3, 16) = 1180, P < 0.0001). All values are mean ± SD. One-way ANOVA followed by Tukey’s analysis. ****P < 0.0001 vs WT Sham group, ####P < 0.0001 
vs Lepr−/− Sham group,&&&&P < 0.0001, &&P < 0.01 vs WT MCAO group.
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Inhibition of NLRP3 Inflammasome Improved Neuronal Pyroptosis in Lepr−/− Obese 
Rats After MCAO
To further validate whether cerebral ischemia in Lepr−/− obese rats induces neuronal pyroptosis via NLRP3, the NLRP3 
inhibitor MCC950 was administered to the Lepr−/− obese rats 1 hour prior to MCAO, so as to observe whether there is 
a decrease in neuronal pyroptosis. As shown in Figure 5A, the neurological function scores decreased (P<0.05), and 
improved the neuronal injury (Figure 5B). Western blot results indicated a significant decrease in the expressions of 
pyroptosis-related proteins GSDMD and GSDMD-N, Pro-caspase-1, Cleaved caspase-1, Mature IL-18, and Mature IL-1β 

Figure 3 Representative transmission electron microscopy images of neurons, with GSDMD pores on neuronal membrane highlighted with red arrows. (scale bar is 5 μm in 
left and 2 μm in right) (n = 3 in each group).
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in the MCC950+Lepr−/− MCAO, which were 0.22 times, 0.52 times, 0.48 times, 0.34 times, 0.3 times and 0.28 times that 
of the DMSO+Lepr−/− MCAO group, respectively (P<0.05) (Figure 5C). These results indicate that inhibiting NLRP3 
can alleviate neuronal pyroptosis in Lepr−/− obese rats after MCAO.

Leptin Receptor Knockout Over-Activated the AGEs/RAGE Signaling Pathway in Rats 
After Cerebral Ischemia
The changes in the AGEs/RAGE expression were observed. Western blot results showed that when compared with the 
WT Sham group, the expressions of AGEs and RAGE proteins in Lepr−/− Sham group exhibited increased, which were 

Figure 4 Excessive activation of NLRP3 inflammasome after MCAO in Lepr−/− obesity rats. (A) Protein expression of NLRP3 (n = 3 in each group, power value = 0.99, F 
(3, 8) = 139, P < 0.001), Pro-caspase1 (n = 4 in each group, power value = 0.92, F (3, 12) = 92.23, P < 0.001), Cleaved caspase1 (n = 4 in each group, power value = 0.91, F (3, 12) 

=584.8, P <0.001), Mature IL-18 (n = 4 in each group, power value = 0.93, F (3, 12) = 172.1, P < 0.001) and Mature IL-1β (n = 4 in each group, power value = 0.99, F (3, 12) = 
229.2, P < 0.001) in the cortex penumbra region in each group. (B) qRT-PCR results showed the mRNA expression of NLRP3 in the cortex penumbra region in each group. 
(n = 4 in each group, power value = 0.81, F (3, 12) =108.1, P < 0.001). (C and D) Representative Immunofluorescence staining (C) and statistical comparison of Relative 
NLRP3 positive cells (D) in each group (scale bar = 40 μm) (n = 5 in each group, power value = 0.91, F (3, 16) =1398, P < 0.0001). Data are presented as mean ± SD. One-way 
ANOVA followed by Tukey’s analysis. ****P < 0.0001, **P < 0.01, *P < 0.05 vs WT Sham group, ####P < 0.0001 vs Lepr−/− Sham group, &&&&P < 0.0001, &P < 0.05 vs WT 
MCAO group.
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2.12 times and 1.66 times that of the WT Sham group, respectively. (P<0.05). Moreover, the value of AGEs and RAGE 
proteins expression in the WT MCAO group was 2.86 times and 2.03 times that in the WT Sham group, respectively and 
the value in the Lepr−/− MCAO group was 2.07 times and 1.66 times that in the Lepr−/− Sham group, respectively. 
(P<0.05). When compared with the WT MCAO group, the Lepr−/− MCAO group demonstrated a further increase in the 
expressions of AGEs and RAGE protein, which were 1.53 times and 1.25 times that of the WT MCAO group, 
respectively. (P<0.05) (Figure 6A). The qRT-PCR results indicated that the value of RAGE mRNA expression in WT 
MCAO group was 4.75 times that in the WT Sham group, the value in the Lepr−/− MCAO group was 3.04 times that in 
the Lepr−/− Sham group, and the value in Lepr−/− MCAO group was 1.36 times that in the WT MCAO group) (P<0.05) 
(Figure 6B). The immunohistochemical staining results revealed that the IOD value of RAGE protein expression in the 
WT MCAO group was 3.77 times that in the WT Sham group, the IOD value in the Lepr−/− MCAO group was 2.05 
times that in the Lepr−/− Sham group, and the IOD value in Lepr−/− MCAO group was 1.32 times that in the WT MCAO 

Figure 5 Inhibition of NLRP3 reversed neuronal pyroptosis after MCAO in Lepr−/− obesity rats. (A) Zea-Longa score of Lepr−/− obesity rats in each group. (n = 10 in each 
group, power value = 0.87, KW = 12.567, P = 0.0019). Data are presented as medians±interquartile range. Data were analyzed using the Kruskal–Wallis test. (B) 
Representative images of HE staining in the cortex penumbra region, with the abnormality neurons indicated through the red arrows (scale bar = 20 μm). (n = 5 in each 
group). (C) Protein expression of Pro-caspase1 (n = 4 in each group, power value = 0.94, F (2, 9) =188.4, P < 0.001), Cleaved caspase1 (n = 3 in each group, power value = 
0.93, F (2, 6) = 554, P < 0.001), GSDMD (n = 3 in each group, power value = 0.86, F (2, 6) =230.2, P < 0.001), N-terminal GSDMD (n = 3 in each group, power value = 0.99, F 
(2, 6) =28.27, P < 0.001), Mature IL-18 (n = 4 in each group, power value = 0.92, F (2, 9) =27.7, P < 0.001) and Mature IL-1β (n = 3 in each group, power value = 0.97, F (2, 6) = 
22.17, P < 0.001) in the cortex penumbra region in each group. Data are presented as mean ± SD. One-way ANOVA followed by Tukey’s analysis. ****P < 0.0001, ***P < 
0.001, **P < 0.01 vs DMSO+ Lepr−/− MCAO.
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group, respectively. (P<0.05) (Figure 6C and D). These findings suggest that MCAO can activate the AGEs/RAGE 
signaling pathway, and in Lepr−/− obese rats, this pathway is further activated.

Inhibition of AGEs/RAGE Signaling Pathway Improved the Neuronal Pyroptosis 
Mediated by NLRP3 in Lepr−/− Obese Rats After MCAO
The AGEs/RAGE signaling pathway inhibitor FPS-ZM1 was administered to Lepr−/− obese rats to investigate whether 
the neuronal pyroptosis was alleviated. Compared with the Lepr−/− MCAO + DMSO group, FPS-ZM1 reduced the 
neurological function score (P<0.05) (Figure 7A) and improved the neuronal injury (Figure 7B). Western blot results 
demonstrated that, compared with the Lepr−/− MCAO + DMSO group, the Lepr−/− MCAO + FPS-ZM1 group exhibited 
significantly reduced expression of NLRP3, Pro-caspase-1, Cleaved caspase-1, Mature IL-18, and Mature IL-1β, which 
were 0.41 times, 0.42 times, 0.48 times, 0.3 times and 0.53 times that of the Lepr−/− MCAO + DMSO group, 
respectively. (P<0.05) (Figure 7C). The expressions of the pyroptosis-related proteins GSDMD and GSDMD-N were 
also significantly decreased in the Lepr−/− MCAO + FPS-ZM1 group, which were 0.34 times and 0.59 times that of the 
Lepr−/− MCAO + DMSO group, respectively. (P<0.05) (Figure 7D). The immunofluorescence staining results demon-
strated that, compared with the Lepr−/− MCAO + DMSO group, the Lepr−/− MCAO + FPS-ZM1 group exhibited 

Figure 6 AGEs/RAGE signaling pathway was over-activated after MCAO in Lepr−/− obesity rats. (A) Protein expression of AGEs (n = 3 in each group, power value = 0.85, F 
(3, 8) =121.3, P < 0.001) and RAGE (n = 4 in each group, power value = 0.96, F (3, 12) =25.29, P < 0.001) in the cortex penumbra region in each group. (B) qRT-PCR results 
showed the mRNA expression of RAGE in the cortex penumbra region in each group. (n = 4 in each group, power value = 0.83, F (3, 12) = 449.2, P < 0.001). (C and D) 
Representative immunohistochemical staining of RAGE (C) and Relative IOD (D) in each group (scale bar = 20 μm) (n = 5 in each group, power value = 0.91, F (3, 16) =395.1, 
P < 0.001). Data are presented as mean ± SD. One-way ANOVA followed by Tukey’s analysis. ****P < 0.0001, **P < 0.01,*P < 0.05 vs WT Sham group, ####P < 0.0001,###P < 
0.001 vs Lepr−/− Sham group,&&&&P < 0.0001,&&&P < 0.001, &P < 0.05 vs WT MCAO group.
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reduced fluorescence intensity of NLRP3 (Figure 8A and B) and pyroptosis-related protein GSDMD (Figure 8C and D) 
in the ischemic cortical penumbra, which were 0.38 times and 0.49 times that of the Lepr−/− MCAO + DMSO group, 
respectively. (P<0.05). These results indicate that inhibiting the AGEs/RAGE signaling pathway can alleviate neuronal 
pyroptosis in Lepr−/− obese rats after cerebral ischemia-reperfusion through suppressing the activation of NLRP3.

Figure 7 FPS-ZM1 improved the neuronal pyroptosis mediated by NLRP3 in Lepr−/− obese rats after MCAO. (A) Zea-Longa score of Lepr−/− obesity rats in each group. (n = 10 
in each group, power value = 0.89, KW = 13.596, P = 0.0011). Data are presented as medians±interquartile range. Data were analyzed using the Kruskal–Wallis test. (B) 
Representative images of HE staining in the cortex penumbra region, with the abnormality neurons indicated through the red arrows (scale bar = 20 μm). (n = 5 in each group). 
(C and D) Protein expression of NLRP3 (n = 4 in each group, power value = 0.99, F (2, 9) =153.7, P < 0.001), Pro-caspase1 (n = 4 in each group, power value = 0.91, F (2, 9) =224.9, 
P < 0.001), Cleaved caspase1 (n = 3 in each group, power value = 0.96, F (2, 6) =160.5, P < 0.001), Mature IL-1β (n = 4 in each group, power value = 0.94, F (2, 9) =14.45, P = 0.0016) 
(C) and GSDMD (n = 4 in each group, power value = 0.97, F (2, 9) =248.6, P < 0.00), N-terminal GSDMD (n = 3 in each group, power value = 0.97, F (2, 6) =27.43, P < 0.001), 
Mature IL-18 (n = 3 in each group, power value = 0.93, F (2, 6) =9.062, P < 0.001) (D) in the cortex penumbra region in each group. Data are presented as mean ± SD. One-way 
ANOVA followed by Tukey’s analysis. ****P < 0.0001,***P < 0.001,**P < 0.01,*P < 0.05 vs Lepr−/− MCAO+DMSO group.
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Discussion
Ischemic stroke is the leading cause of both death and disability.28,29 Obesity is an independent risk factor for cerebral 
ischemia.32 Indeed, obese individuals exhibit a higher incidence of ischemic stroke.33,34 However, there is ongoing 
debate regarding whether obesity exacerbates neuronal damage after cerebral ischemia and the specific mechanisms 
underlying such damage. Our study revealed that Lepr−/− obese rats showed more severe infarct volume after cerebral 
ischemia compared with their wild-type littermates. The AGEs/RAGE signaling pathway is implicated in the exacerba-
tion of cerebral ischemic injury via modulating the neuronal pyroptosis mediated by NLRP3.

In the present study, Lepr−/− rats were chosen as the research subjects, as generated using CRISPR/Cas9 technology, with 
a 298 base pair deletion and the insertion of four base pairs in the fourth exon of the leptin receptor gene in SD rats, thereby 
resulting in the knockout of the Lepr gene (Lepr−/−). In other studies, animal models of obesity are mainly induced via a high-fat 
diet or genetic modification.35 High-fat diet-induced obesity models exhibit species differences, and even among male SD rats, 
only some of them become obese, with approximately half exhibiting dietary resistance.36 Zucker rats, a widely used genetic 
obesity model, result from the hybridization of Merck3M rats and Sherman rats,37 have a complex genetic background, including 
a missense mutation in the leptin receptor gene, and develop both impaired glucose tolerance and insulin resistance at three 

Figure 8 FPS-ZM1 inhibited the expression of NLRP3 and GSDMD in Lepr−/− obesity rats after MCAO. (A and B) Representative Immunofluorescence staining (A) and 
statistical comparison of Relative NLRP3 positive cells (B) in each group (scale bar = 40 μm) (n = 5 in each group, power value = 0.81, F (2,12) =269.8, P < 0.0001). (C and D) 
Representative Immunofluorescence staining (C) and statistical comparison of Relative GSDMD positive cells (D) in each group (scale bar = 40 μm) (n = 5 in each group, 
power value = 0.84, F (2, 12) =239.5, P < 0.0001). Data are presented as mean ± SD. One-way ANOVA followed by Tukey’s analysis. ****P < 0.0001 vs Lepr−/− MCAO+DMSO 
group.
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months of age.38–40 Another commonly used obesity and diabetes model is the db/db mouse, wherein the severity varies with the 
genetic background, with B6 background mice having longer survival but transiently elevated blood glucose levels.41 When 
compared with other obesity models, Lepr−/− obese rats exhibit stable phenotypes, with obesity appearing in early life and 
glucose and lipids metabolic disturbances during adulthood.42 Previous experiments have confirmed that Lepr−/− rats represent 
an ideal and reliable obesity model.

We first observed whether Lepr−/− induced obese rats would aggravate cerebral ischemic injury. The results showed 
that compared with WT littermates, there were obvious aggravation of nerve injury and increased cerebral infarction 
volume after brain ischemia in Lepr−/− obese rats. Liang et al investigated dysbiosis of the gut microbiota in high-fat 
diet-induced obese C57 mice and found an increased infarct volume and higher serum inflammatory cytokine levels 
following MCAO.43 Another study showed that SD rats fed with a high-fat diet for four weeks exhibited higher brain 
tissue water content and increased infarct volume after MCAO, which were accompanied by increased oxidative stress 
and apoptosis in the brain tissues.44,45 Emilio Rodríguez-Castro et al found that obese patients in the acute phase of 
stroke (24 hours after stroke) had stronger inflammatory response and more severe damage. Our results are consistent 
with the above conclusions. However, some studies have found that obese patients have a better prognosis of cerebral 
ischemia than non-obese patients, that is, the “obesity paradox”. For example, Emilio Rodríguez-Castro et al further 
studied the prognosis of obese patients at 1 week and 3 months after cerebral ischemia. Compared with the non-obese 
patients, the anti-inflammatory response in obese patients was enhanced, offsetting its early inflammatory damage, and 
the prognosis was improved, thereby reducing the mortality of stroke.4 Wi-Sun Ryu et al studied the association between 
BMI and long-term mortality after ischemic stroke, and found that the overweight and obese patients’ prognosis was 
good, probably because they were more likely to receive doctor’s care in clinical practice than underweight people.46 

However, these studies are retrospective, and potential influencing factors may confuse the reliability of the results and 
have certain limitations.

We further observed whether NLRP3-mediated pyroptosis is involved in exacerbating cerebral ischemic injury in 
Lepr−/− obese rats. We detected the expression of the pyroptosis marker protein GSDMD at both the protein and mRNA 
levels. Our results showed that following MCAO, the Lepr−/− obese rats exhibited a further increase in the expression of 
GSDMD and GSDMD-N when compared with the WT littermates. Transmission electron microscopy also revealed more 
pores in the neurons after cerebral ischemia in Lepr−/− obese rats. Furthermore, we examined the expressions of various 
pyroptosis-related proteins (Pro-caspase-1 and Cleaved caspase-1) and inflammatory factors (IL-18 and IL-1β) in Lepr−/− 

obese rats and their WT littermates following cerebral ischemia. The results indicated that the related expression changes 
were consistent with those of GSDMD. These findings suggest that the mechanism underlying the aggravated neuronal 
damage seen after MCAO in Lepr−/− obese rats may be related to pyroptosis. Pyroptosis induced by Caspase-1 activation 
by NLRP3 inflammasome is a classical pathway of pyroptosis. Some studies have demonstrated the association between 
NLRP3 and the development of many diseases, including stroke, type 2 diabetes, and Alzheimer’s disease.47–49 However, 
it has not been retrieved whether NLRP3 exacerbates cerebral ischemic injury in obese rats by activating pyroptosis. We 
further detected the NLRP3 expression changes at both the protein and mRNA levels. The results showed that, when 
compared with the WT littermates, the Lepr−/− obese rats exhibited an increasing trend in NLRP3 expression, while 
following cerebral ischemia, there was further activation of the NLRP3 inflammasome. Similarly, immunofluorescence 
staining showed that when compared with the WT littermates, the Lepr−/− obese rats showed higher fluorescence 
intensity of NLRP3 in the neurons in the cortical penumbra after cerebral ischemia. The above results suggest that 
cerebral ischemia can lead to NLRP3 hyperactivation in Lepr−/− obese rats.

When using NLRP3 inhibitors, we observed that the neurological damage was reduced after cerebral ischemia in 
Lepr−/− obese rats, and the expressions of the related proteins GSDMD, GSDMD-N, Pro-caspase-1, Cleaved caspase-1, 
as well as the inflammatory factors mature IL-18 and mature IL-1β, were decreased in the Lepr−/− obese rats. This 
suggests that, in Lepr−/− obese rats, NLRP3 activation-induced pyroptosis may play a crucial role in the exacerbation of 
cerebral ischemic injury. Further study using an NLRP3 agonist to mimic the effect NLRP3 would provide further 
evidence to illustrate the role of NLRP3 in the process. Li et al found that anxiety- and depression-like behaviors in db/db 
obese diabetic mice were associated with the increased expression of NLRP3 in the hippocampal tissue, and inhibiting 
NLRP3 activation could improve the cognitive behavioral abnormalities in db/db mice.49 In a study of hepatic ischemia- 
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reperfusion in db/db mice, it was found that leptin receptor deficiency exacerbates liver ischemia-reperfusion injury by 
increasing reactive oxygen production and activating the NLRP3 inflammasome, and inhibiting NLRP3 expression can 
alleviate liver ischemia-reperfusion injury.50 Our research findings are consistent with the results mentioned above.

AGEs are irreversible polymers formed through a non-enzymatic reaction between reducing sugars, such as glucose, 
and the free amino groups found on lipids, proteins, and nucleic acids, which involves a series of molecular rearrange-
ments. RAGE, the receptor for AGEs, belongs to the cell surface immunoglobulin superfamily of multiligand receptor 
members and is located on the cell membrane. The AGEs/RAGE signaling pathway is a cellular inflammatory pathway 
that stimulates oxidative stress, thereby participating in the pathogenesis of diseases such as diabetes, cardiovascular 
disorders, neuroinflammation, and neurodegenerative diseases.51 Recent studies have identified elevated expression 
levels of AGEs and RAGE proteins in the plasma and adipose tissues of obese patients.19 In comparison to wild-type 
mice, the db/db obese diabetic mouse model, as characterized by leptin receptor deficiency, exhibits the increased 
expression of both AGEs and RAGE proteins in cardiac tissue.19 In cell experiments, it has been found that AGEs induce 
the production of inflammatory mediators in adipocytes and macrophages via binding to RAGE, contributing to the 
development of obesity-related complications.19

In this study, Lepr−/− obese rats, as an animal model of obesity, exhibited an increase in the expressions of AGEs, 
RAGE proteins and RAGE mRNA in the cortical region when compared with WT littermates. When both WT littermates 
and Lepr−/− obese rats were subjected to MCAO, a more pronounced increase in the expressions of AGEs, RAGE 
proteins, and RAGE mRNA was observed in the cortical penumbra neurons of the Lepr−/− obese rats. 
Immunohistochemical staining of the RAGE proteins showed consistent trends with the Western Blot and qRT-PCR 
results. This confirms the elevated levels of AGEs and RAGE in the brain tissues of Lepr−/− obese rats, and it is also 
indicative of the excessive activation of the AGEs/RAGE signaling pathway during cerebral ischemia. Previous research 
in kidney diseases has demonstrated that prolonged administration of D-ribose can induce NLRP3 activation in renal 
podocytes via the AGEs/RAGE signaling pathway, thereby mediating podocyte pyroptosis.52 In chronic kidney disease, 
long-term exposure to AGEs induces the generation of reactive oxygen species through binding to RAGE, activating 
NLRP3, releasing inflammatory factors, and thus, mediating kidney damage.52 Shen et al found that the administration of 
the RAGE-specific inhibitor FPS-ZM1 reduces the post-MCAO inflammatory responses seen in SD rats, providing 
protection against cerebral ischemic injury.15 Similarly, Ren et al found that treatment with FPS-ZM1 suppresses the 
expression of various inflammatory factors through targeting the AGEs/RAGE signaling pathway, exerting neuroprotec-
tive effects against the hippocampal damage induced by liver ischemia-reperfusion.53

In this study, Lepr−/− rats were administered FPS-ZM1 to inhibit the AGEs/RAGE signaling pathway following 
cerebral ischemia. The related results revealed a reduction in cerebral ischemic injury in the Lepr−/− rats, as manifested 
by the decreased neurological function scores and a decrease in degenerated and necrotic neurons in the cortical 
penumbra. Western blot analysis showed that the increased expressions of NLRP3 and pyroptosis-related proteins 
GSDMD, GSDMD-N, Pro-caspase1, Cleaved caspase1, as well as cytokines IL-18 and IL-1β in the neurons within 
the penumbra region were inhibited after MCAO. Simultaneously, the fluorescence intensity of NLRP3 and GSDMD in 
the cortical penumbra neurons was also reduced. The above results suggest that the AGEs/RAGE signaling pathway 
aggravates cerebral ischemic injury in Lepr−/− obese rats by regulating NLRP3-mediated pyroptosis. As to mechanisms 
inducing NLRP3 activation, Ajoolabady et al54 found that the reduction or disruption of chloride ion efflux, can lead to 
changes in intracellular osmotic pressure and membrane potential, which in turn activated the NLRP3 inflammasome to 
induce pyroptosis. Therefore, the change of the status of chloride ion channels may be an important factor in the 
activation of NLRP3 during cerebral ischemia.

We specifically investigated the role of the AGEs/RAGE/NLRP3 signaling pathway in the induction of pyroptosis 
during ischemic brain injury in Lepr−/− obese rats. Whereas, there are still some limitations in the present study. Firstly, it 
has been shown that AGEs/RAGE signaling pathway is also related to oxidative stress damage. For example, AGEs 
significantly increased MDA production and decreased GSH content and and SOD activity in rat primary microglia.55 

Inhibiting AGEs/RAGE signaling pathway can effectively reduce oxidative stress in the kidneys of rats with high sugar- 
fat diet.56 Secondly, in the present study, we only examined the level of IL-18 and IL-1β due to their close association 
with pyroptosis. However, some studies57–59 have shown that the activation of the AGEs/RAGE pathway generally leads 
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to the upregulation of pro-inflammatory cytokines, such as IL-6, CRP, and TNF-α which in turn amplifies the 
inflammatory response and further activates the NLRP3 inflammasome, exacerbating neuronal pyroptosis. In cell 
cultures, AGEs triggered the transformation of bone marrow-derived macrophages into the M1 phenotype.60 At last, 
the lack of detection of blood-brain barrier was also a limitation in the present study. Studies have shown that ischemia- 
induced pyroptosis can lead to the destruction of the blood-brain barrier (BBB), and inhibiting pyroptosis may improve 
BBB integrity.61,62 Therefore, further study focusing on assessing the oxidative stress markers, the inflammatory 
cytokines and macrophage polarization and the BBB integrity would provide more information for a better understanding 
of the effect of AGEs/RAGE/NLRP3 signaling pathway in regulating NLRP3-mediated neuronal pyroptosis in ischemic 
injury in obese patients.

Conclusions
In conclusion, the present study investigated for the first time the mechanism of exacerbated cerebral ischemic injury in 
Lepr−/− obese rats, which served as an obese animal model. The findings demonstrate that Lepr−/− obese rats exhibit 
overactivation of the AGEs/RAGE signaling pathway after cerebral ischemia, followed by neuronal pyroptosis mediated 
by NLRP3 inflammasome, which aggravates the cerebral ischemia-reperfusion injury.
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