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(ab179515; abcam), caspase-1 p10 antibody (AF4022; 
Affinity), PTEN antibody (22034-1-AP; proteintech), 
PI3K antibody (AF5112; Affinity), AKT antibody (60203-
2-lg; proteintech), p-AKT antibody (28731-1-AP; pro-
teintech), and mTOR antibody (66888-1-lg; proteintech). 
Following the overnight incubation with primary anti-
bodies, the membranes were incubated with secondary 
antibodies: HRP Labeled Goat Anti-rabbit IgG (BOSTER, 
Wuhan, China) and HRP Conjugated AffiniPure Goat Anti-
mouse IgG (H+L) (BOSTER, Wuhan, China). Results were 
detected and visualized utilizing an enhanced chemilumi-
nescence system and the Integrated Chemiluminescence 
Imager Chemiscope S6 (Qinxiang Scientific Instruments 
Co., Ltd., Shanghai, China). The ImageJ software was uti-
lized for quantifying the polypeptide bands, with β-actin 
serving as the internal reference.

Hematoxylin and Eosin Staining
The samples underwent dehydration using a fully auto-
matic dehydrator and were then wrapped in paraffin. 
Sections were obtained from the implanted tissues and 
subjected to staining. The tissue sections were visualized 
using the Pannoramic 250 digital scanner (3DHISTECH, 
Budapest, Hungary), which captured images of the slices.

Immunohistochemical Study
The deparaffinization and dehydration of sections were 
accomplished using xylene and ethanol solutions. Citrate 
buffer was utilized for antigen retrieval, with a 20-min-
ute treatment in a microwave oven. Following PBS rins-
ing, 3% hydrogen peroxide was applied to cells to block 
endogenous peroxidase activity. They were stained with 
DAB substrate and then counterstained using hematoxy-
lin. Subsequently, they were imaged using an Olympus 
microscope (Olympus), and the resulting images were 

analyzed with Image-Pro Plus 6.0 software (Media 
Cybernetics).

Statistical Analysis
The experimental data were analyzed using Statistical 
Product and Service Solutions version 20 (IBM SPSS 
Corp.; Armonk, NY, USA), GraphPad Prism version 8.0 
(GraphPad Software; California, America), and all experi-
ments were repeated 3 times. The results were presented 
as the mean value ± SD. Data were analyzed using one-
way analysis of variance by LSD pairwise comparison. P < 
.05 was regarded as statistically significant.

RESULTS
Effects of MNNG Exposure and FA Intervention on IL-6, 
IL-8, TNF-α, and NF-κB in the Gastric Mucosa of Rats
TNF acted as proximal mediators and induced production 
of other mediators including IL-6 and IL-8. In humans, 
TNF-α, IL-6, and IL-8 are regulated to some degree by 
NF-κB activation. NF-κB is a ubiquitous protein transcrip-
tion factor that enhances the transcription of a variety of 
genes. NF-κB normally resides in the cytoplasm, where it 
is retained by association with the IκB protein, an endog-
enous inhibitor of NF-κB. However, when activated, it 
translo cates to the nucleus, binds the DNA, and activates 
genes. The activation involves the phosphorylation, ubiq-
uitination, and degradation of IκB, leading to the nuclear 
migration of NF-κB.

The experimental findings revealed that FA effectively 
mitigated the up-regulation of the above-mentioned 
mRNA expression induced by MNNG (Figure. 1A-C). 
Especially, as the dosage of FA intervention increased, 
the mRNA expression levels of these inflammatory 
markers gradually lessened. Next, we used an ELISA 

Table 1.  List of Primers Used in the Study

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

β-actin CACTA​TCGGC​AATGA​GCGGT​TCC ACTGT​GTTGG​CATAG​AGGTC​TTTAC​G

IL-1β AGGTCGTCATCATCCCACGAG GCTGT​GGCAG​CTACC​TATGT​CTTG

IL-6 ACTTC​CAGCC​AGTTG​CCTTC​TTG TGGTC​TGTTG​TGGGT​GGTAT​CCTC

IL-8 CATTA​ATATT​TAACG​ATGTG​GATGC​G GCCTA​CCATC​TTTAA​ACTGC​ACAAT​

IL-18 CGCAG​TAATA​CGGAG​CATAA​ATGAC​ GGTAG​ACATC​CTTCC​ATCCT​TCAC

TNF-α GAGAGATTGGCTGCTGGAAC TGGAGACCATGATGACCGTA

NLRP3 TGCATGCCGTATCTGGTTGT ATGTCCTGAGCCATGGAAGC

ASC ACAGTACCAGGCAGTTCGTG GGTCTGTCACCAAGTAGGGC

Caspase-1 GACCGAGTGGTTCCCTCAAG GACGTGTACGAGTGGGTGTT
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Figure 1.  Effects of MNNG exposure and FA intervention on inflammatory response in the gastric mucosa of rats. (A, B, and C) represented 
the mRNA expression of IL-6, IL-8, and TNF-α, respectively, in different rat groups. (D, E, and F) represented the contents of IL-6, IL-8, and 
TNF-α, respectively, in different rat groups. (G) represented the levels of NF-κB signaling-related proteins after MNNG exposure and FA 
intervention. n=3, compared with the control group, *P<0.05, **P<0.01, ***P<0.001; compared with the MNNG group, #P<0.05, ##P<0.01, 
###P<0.001.
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assay to examine the impact of FA on the expression of 
the above-mentioned factors induced by MNNG. The 
results demonstrated that FA successfully alleviated the 
MNNG-induced elevation in the expression of the above-
mentioned factors(Figure. 1D-F). Besides, a decrease in 
the levels of inflammatory markers was noted with an 
increase in the dosage of FA intervention.

Next, we investigated the protein levels associated with 
NF-κB signaling. Upon exposure to MNNG, we observed 
an increase in the levels of IKKα, p-IKKα, p-IκBα, p65, and 
p-p65, accompanied by a decrease in IκBα levels (Figure. 
1G). However, following intervention with different doses 
of FA, notable changes in these protein levels were 
observed. Specifically, the protein levels of IKKα, p-IKKα, 
p-IκBα, p65, and p-p65 decreased, while the IκBα protein 
level increased (all P < .05, Figure 1G).

Histopathological Changes in Gastric Tissues of Rats 
After Pharmacological Intervention
Upon histological examination, MNNG exposure caused 
significant injury. The injury manifested as the presence 
of lymphocytes and neutrophils in the lamina propria, 
submucosa, and serosa. Additionally, hyperplasia of gas-
tric gland cells was observed in the superficial mucosa. 
N-methyl-N’-nitroso-N-nitrosoguanidine exposure 
also led to vacuolar degeneration and necrosis of gas-
tric parietal cells, as well as uneven cytoplasmic stain-
ing and nuclear pyknosis or fragmentation. Furthermore, 

the base of the gastric glands showed local cell necrosis 
with a blurred structure. Disordered arrangement of gas-
tric glands and pronounced cell hyperplasia were evident 
in specific mucosal areas, accompanied by a decrease in 
cytoplasmic basophilia. In contrast, the low-dose group 
treated with FA displayed infiltration of inflammatory 
cells, primarily neutrophils, in the submucosa. However, 
the pathological changes in the anterior stomach were 
not obvious. In the medium and high doses of FA inter-
vention groups, a few inflammatory cells, primarily lym-
phocytes and eosinophils, were distributed throughout 
the lamina propria (Figure 2).

Effects of MNNG Exposure and FA Intervention on 
IL-1β, IL-18, and NLRP3 Inflammasome in the Gastric 
Mucosa of Rats
Several molecular and cellular events have been proposed 
as the trigger(s) for NLRP3 inflammasome activation, 
including K efflux, Ca+2+ signaling, reactive oxygen species 
(ROS), mitochondrial dysfunction, and lysosomal rupture. 
Expression of NLRP3 is induced by priming with microbial 
components such as TLR ligands or endogenous mole-
cules, such as tumor necrosis factor and IL-1β, through the 
activation of NF-κB. The NLRP3 inflammasome controls 
the activation of caspase-1 and the release of the pro-
inflammatory cytokines IL-1β and IL-18 in macrophages.

In order to assess the impact of FA intervention on 
inflammation-related gene and protein expression in the 

Figure  2.  Histopathological changes in gastric tissues of rats after MNNG exposure and FA intervention. The yellow arrow represents 
neutrophils infiltration, the red arrow represents the hyperplasia of gastric gland cells, the brown arrow represents gastric gland cells 
degeneration, the blue arrow represents sloughing of gastric mucosal epithelium, and the green arrow represents cell necrosis and 
disintegration (magnification ×100 and scale bar 200 μm; magnification ×400 and scale bar 100 μm).
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gastric mucosa, mRNA and protein levels were measured. 
Results demonstrated that different doses of FA inter-
vention effectively mitigated the notable increase in IL-1β 
and IL-18 expression (all P < .01, Figure 3A-D). Notably, 

the high-dose FA group displayed a more pronounced 
result in reducing the expression levels. Subsequently, the 
expression of NLRP3 inflammasome-related substances 
was detected. The findings revealed that different doses 

Figure 3.  Effects of MNNG exposure and FA intervention on NLRP3 inflammasome-related genes and proteins in the gastric mucosa of rats. 
(A and C) represented the IL-1β and IL-18 mRNA expression, respectively, in different rat groups. (B and D) represented the IL-1β and IL-18 
contents, respectively, in different rat groups. (E, F, and G) represented the NLRP3, ASC, and Caspase-1 mRNA expression, respectively, in 
different rat groups. (H) represented the NLRP3, ASC, pro Caspase-1, and Caspase-1 protein levels after MNNG exposure and FA intervention. 
(I) Immunohistochemical staining was used to detect the protein expression of ASC, Caspase-1 and NLRP3 in each group. The staining of 
ASC, Caspase-1 and NLRP3 was brown yellow (50μm scale bar). n=3, compared with the control group, *P<0.05, **P<0.01, ***P<0.001; 
compared with the MNNG group, #P<0.05, ##P<0.01, ###P<0.001.
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of FA intervention attenuated the significant elevation of 
the above-mentioned factors’ mRNA and protein expres-
sion caused by MNNG (all P < .01, Figure 3E-H).

Following MNNG intervention, there was a notable 
increase in ASC, NLRP3, and caspase-1 expression as 
demonstrated by immunohistochemical analysis. The 
immunopositive area of FA dose groups was obviously 
reduced compared to that of the model group. This sug-
gests that FA can reduce the expression of the above-
mentioned factors (Figure 3I). Moreover, it was observed 
that the effectiveness of the intervention increased with 
higher doses of FA.

Effects of MNNG exposure and FA intervention on the 
PI3K/AKT pathway in gastric mucosa of rats

In this study, we detected the levels of key genes and 
proteins of the PI3K/AKT pathway associated with 

tumorigenesis. The expression of PTEN mRNA was found 
to be decreased in the MNNG group (P<0.05), while PTEN 
mRNA presented an uptrend with the treatment of FA 
at different doses (Figure 4A). The mRNA expression of 
PI3K, AKT, and mTOR was enhanced after the adminis-
tration of MNNG, whereas FA reduced the PI3K, AKT, and 
mTOR mRNA (Figure 4B-D).

And then the levels of PTEN, PI3K, AKT, p-AKT, and 
mTOR proteins were determined via western blot analy-
sis. We found that the MNNG group revealed a remarkable 
reduction in the PTEN protein level (P<0.001), while FA 
intervention displayed an increase in the level of PTEN as 
the FA doses escalated (P<0.01 or P<0.001). In addition, 
in comparison with the control group, the levels of PI3K, 
AKT, p-AKT, and mTOR proteins were up-regulated in the 
MNNG group (P<0.01 or P<0.001), which were down-reg-
ulated in the FA high-dose group compared to the MNNG 
group (Figure 4E). Taking these results into consideration, 

Figure 4.  Effects of MNNG exposure and FA intervention on the PI3K/AKT pathway in gastric mucosa of rats. (A-D) The mRNA expression 
of PTEN, PI3K, AKT, and mTOR after MNNG exposure and FA intervention. (E) The levels of PTEN, PI3K, AKT, p-AKT, and mTOR proteins after 
MNNG exposure and FA intervention. n=3, compared with the control group, *P<0.05, **P<0.01, ***P<0.001; compared with the MNNG group, 
#P<0.05, ##P<0.01, ###P<0.001.
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it can be concluded that exposure to MNNG can activate 
the PI3K/AKT signaling pathway, which can be amelio-
rated by FA. 

DISCUSSION
Chemical carcinogens, especially MNNG, are central to 
mimicking NOC, leading to the malignant transforma-
tion of normal gastric mucosal cells.27-30 Although FA has 
been shown to inhibit gastric mucosal inflammation, its 
specific mechanism of action needs to be studied.31-33 
According to our research, FA successfully shielded SD 
rats’ stomach mucosa against harm caused by MNNG. 
The underlying mechanism may be related to the NF-κB/
NLRP3 signaling pathway regulation.

In regulating inflammatory and immune responses, cyto-
kines play an indispensable role.34 Prolonged exogenous 
stimulation of the gastric mucosa leads to continuous 
activation of local inflammation, characterized by an 
increase in pro-inflammatory cytokines. This disruption 
of tissue homeostasis exacerbates gastric mucosal dam-
age and may even lead to gastric cancer.35,36 Our study 
demonstrated that FA treatment effectively inhibited 
the MNNG-induced elevation of pro-inflammatory cyto-
kines, consistent with previous findings.37 Additionally, 
FA attenuated MNNG-induced pathological changes, 
including inflammatory cell infiltration, disorders in gastric 
glandular arrangement, and abnormal cell proliferation, 

indicating its positive role in suppressing gastric mucosal 
inflammation.

To delve into the specific mechanisms of FA resistance 
to inflammation, we tested the changes in the NF-κB/
NLRP3 signaling pathway. Normally, NF-κB is not active 
because it binds to the inhibitory protein IκBα.38 However, 
MNNG-induced gastric mucosal inflammation activates 
NF-κB and its downstream NLRP3 inflammasome, result-
ing in aggravated inflammatory injury.39 Our research 
demonstrated that treatment with FA notably reduced 
the NF-κB pathway activation induced by MNNG.18

NLRP3, as a sensor molecule of the inflammasome, con-
tributes significantly to the inflammatory response.40 The 
NF-κB pathway is involved in the initiation of the NLRP3 
inflammasome.41,42 Our study illustrated the inhibitory 
effect of FA on the activation of the NLRP3 inflamma-
some induced by MNNG, a process primarily governed by 
NF-κB. We found that FA exerted a protective effect by 
inhibiting the aforementioned pathway.

The NLRP3 inflammasome has contributed more to regu-
lating liver inflammation and is closely related to the pro-
gression of inflammation in colitis models.43-46 Our study 
not only offers a theoretical basis for the way of protect-
ing the gastric mucosa but also provides a new direction 
for understanding its role in various diseases. However, 

Figure  5.  Schematic diagram illustrating the toxicity mechanism of MNNG in the gastric mucosa and the protection mechanism of FA 
against MNNG-induced gastric mucosal injury. Upon exposure to MNNG, the NF-κB signaling pathway is effectively activated in the gastric 
mucosa of rats. This induces the transcription of NLRP3, as well as pro-inflammatory cytokines such as IL-6, IL-8, and TNF-α. Formation of 
the NLRP3 inflammasome and subsequent auto-catalysis of pro Caspase-1 lead to the proteolytic cleavage of pro-IL-1β and pro-IL-18, 
resulting in the production of mature IL-1β and IL-18, respectively, thereby exacerbating the inflammatory response. Additionally, MNNG 
exposure activated the PI3K/AKT pathway to augment gastric mucosal injury. Importantly, FA provides enhanced protection against MNNG-
induced gastric mucosal injury by inhibiting the NF-κB/NLRP3 and PI3K/AKT pathways.
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one of the limitations of this study is that it did not con-
sider the fact that FA may also be involved in the preven-
tion of gastric cancer through other relevant pathways. At 
the same time, the interaction between various pathways 
has not been elucidated.

In summary, this study brings brilliant ideas and strate-
gies for the prevention and treatment of gastric cancer by 
investigating the inhibitory effect of FA on MNNG-induced 
gastric mucosal inflammation and its basal mechanism. In 
the end, we will probe the specific effect of FA in protect-
ing against gastric cancer and its interaction with other 
signaling pathways. Our goal is to offer improved methods 
for preventing and treating gastric cancer.

Taken together, our research suggests that FA diminishes 
MNNG-induced damage to the gastric mucosa, and the 
possible explanation lies in the modulation of the NF-κB/
NLRP3 signaling pathways. Importantly, we investigated 
the association between MNNG and the NLRP3 inflam-
masome, as evidenced by the elevation in NLRP3, ASC, 
and caspase-1 mRNA and protein levels following MNNG 
administration. Furthermore, the anti-inflammatory 
activity of FA contributes to gastroprotection by inhibit-
ing NLRP3 inflammasome activation. Our study reveals 
new perspectives on the toxicity mechanism of MNNG 
and provides effective interventions for NOC-induced 
gastric mucosal injury (Figure 5). In the future, we plan 
to conduct in-depth screening of other pathways of FA 
in the prevention of gastric cancer and further study the 
relationship between each pathway to supplement and 
improve the systematic research on the prevention and 
treatment of gastric cancer.
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