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Abstract: Inflammatory bowel disease (IBD) is a chronic, lifelong gastrointestinal disease, character-
ized by periods of activity and remission. The etiology of IBD is closely related to environmental
factors. Previous studies have shown that the cyanotoxin microcystin-LR (MC-LR) causes intestinal
damage, even IBD. To explore MC-LR’s effects and potential mechanisms on IBD occurrence and
development, we used dextran-sulfate sodium gavage (DSS) and MC-LR together for the first time
in mice. There were four groups of mice: (A) mice given PBS gavage (control, CT); (B) mice given
3% DSS gavage (DSS); (C) mice given 200 µg/kg MC-LR gavage (MC-LR); and (D) mice given 3%
DSS + 200 µg/kg MC-LR gavage (DSS + MC-LR). Compared with the CT group, the MC-LR group
and the DSS group demonstrated more severe colitis results, which presented as higher weight
loss, an increased Disease Activity Index (DAI) score, shorter colon length, a higher degree of tissue
structural damage, more apoptotic cells, and greater pro-inflammatory cytokines. Similarly, the DSS
+ MC-LR group showed more severe colitis compared with the DSS group. Subsequent experiments
confirmed that MC-LR or DSS increased the expression of pyroptosis-related proteins mediated by the
nucleotide-binding domain-like receptor protein 3 (NLRP3). Likewise, compared with the DSS group,
the DSS + MC-LR group expressed these proteins at a higher level. In conclusion, our research is the
first to show that MC-LR may induce colitis, and even IBD, through NLRP3 inflammasome-mediated
pyroptosis, and it could aggravate DSS-induced colitis in the same way.

Keywords: microcystin-LR; inflammatory bowel disease; NLRP3 inflammasome; pyroptosis

Key Contribution: Via NLRP3 inflammasome-mediated pyroptosis, MC-LR may induce colitis and
even IBD, and it can aggravate DSS-induced colitis in the same way.

1. Introduction

Inflammatory bowel disease (IBD) is a chronic, recurrent, lifelong disease that mainly
occurs in young adults aged 20 to 40, and it is known as a “green tumor”. Clinical
manifestations typically include abdominal pain, diarrhea, and mucus bloody stools [1].
Research indicates that IBD patients’ colorectal cancer risk is time-dependent, increasing by
2% in ten years, 8% in twenty years, and 18% in thirty years [2]. It is estimated that by 2030,
there will be nearly 4 million IBD patients in America [3]. Global epidemiological studies
have indicated that the proportion of individuals with IBD is also gradually rising in newly
industrialized regions, such as Africa, Asia, and South America [4]. IBD causes a lifetime
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burden [5] on individuals, caregivers, and society, including the direct costs of medicines,
hospitalization, and surgery, and indirect costs, such as the loss of production capacity [6].

The specific etiology of IBD is still unclear, and current research views suggest that its
pathogenesis is mainly related to individual genetic susceptibility, the external environment,
intestinal microbiota, and individual immune response [7]. The epidemiological changes
in IBD with the process of industrialization show that environmental factors are the risk
factors of IBD [8,9]. Potential environmental factors that can contribute to IBD include
food, drugs, hygiene, microorganisms, and pollution. Caused by water pollution and
eutrophication, over 40% of European, Asian, and American lakes and reservoirs meet the
favorable conditions for harmful algal blooms, of which 25–75% are considered toxic [10].
The growth of harmful algae can lead to the accumulation of microcystins (MCs). MCs are
a type of heptapeptide toxin that not only has a negative impact on aquatic environments,
but also constitutes an essential danger to human health [11]. One of the variants known
for its high reproduction and severe toxicity is microcystin-leucine-arginine (MC-LR) [12].
Previous animal experiments have shown that the digestive system is a possible target
for MC-LR toxicity, with some even suggesting that the gut is where MC-LR is most
bioaccumulated [13]. Moreover, a study found that 1000 µg/kg MC-LR (the allowable level
in drinking water is less than 1 µg/kg) could extend and exacerbate mouse colitis caused
by 3% dextran sulphate sodium (DSS) [14], which has been widely used to model the
disease features of IBD, and has been extensively validated in previous studies. Recently,
research has indicated that continuous exposure to low levels of MC-LR causes disruption
of the gut obstacle, chronic inflammation, fibrosis, and even IBD [15]. MC-LR is an effective
inhibitor of serine/threonine-specific protein phosphatases (PPs), particularly PP1 and
PP2A [16]. Inhibiting these enzymes alters normal protein activity, and causes cell harm, by
upsetting the equilibrium between phosphorylation and dephosphorylation [17]. MC-LR
has also been found to generate substantial reactive oxygen species (ROS) as part of its
toxicological activity [18]. After the PPs’ suppression and oxidative stress, a succession of
biochemical processes and signaling cascades starts, leading to intestinal damage. However,
the mechanism by which MC-LR induces and aggravates IBD is unclear.

To clarify the impacts and the probable mechanisms of MC-LR on the onset and
development of IBD, we conducted animal experiments co-treated by MC-LR and DSS for
the first time, observed the inflammatory response, and then explored possible mechanisms.
This work offers new perspectives into the effects of MC-LR in IBD, and presents new
directions for the potential prevention and treatment of IBD.

2. Results
2.1. Body Weight and DAI Score

Throughout the exposure period, body weight, stools with blood, and the consistency
of stool were all documented on a daily basis. One of the mice in the DSS + MC-LR group
died during the experiment, and the rest survived. According to Figure 1A, the weight loss
in the MC-LR (p = 0.008) and DSS (p < 0.000) groups was significantly greater than in the
CT group. The DSS + MC-LR group lost more weight than the MC-LR (p < 0.000) and DSS
(p = 0.008) groups. The Disease Activity Index (DAI) score of the mice indicated a decreased
body mass, diarrhea, and severe bleeding. Similarly, MC-LR (p < 0.000) and DSS (p < 0.000)
promoted the DAI score. Treatment with DSS + MC-LR could further promote DAI when
compared with treatment with DSS (p = 0.007) or MC-LR (p < 0.000) alone (Figure 1B).

2.2. Colon Length

The colon length represents the degree of colitis. The mice in the MC-LR (p = 0.028)
and DSS (p < 0.000) groups had significantly shorter colons than the CT group. It was also
discovered that the colons of the DSS + MC-LR group were shorter than those of the DSS
(p = 0.049) and MC-LR (p < 0.000) groups (Figure 2).
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in the DSS + MC-LR group, n = 11–12 mice per group). **p < 0.01, ***p < 0.001 vs. CT group; ## p < 
0.01, ### p < 0.001 vs. DSS + MC-LR group. 
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SD (one mouse died in the DSS + MC-LR group, n = 11–12 mice per group). * p < 0.05, *** p < 0.001 
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Clear structures, including intact mucosal epithelium, regularly arranged crypts, and 
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structures, characterized by mucosal epithelial disruption, disorder of crypts, loss of gob-
let cells, and inflammatory cell infiltration, were observed in colons from the MC-LR 

Figure 1. The effect of MC-LR and DSS on the body weight and DAI score. The body weight (A) and
DAI score (B) were recorded every day. The data presented indicate the mean ± SD (one mice died in
the DSS + MC-LR group, n = 11–12 mice per group). ** p < 0.01, *** p < 0.001 vs. CT group; ## p < 0.01,
### p < 0.001 vs. DSS + MC-LR group.
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Figure 2. The effect of MC-LR and DSS on the colon length. (A) Representative macroscopic images of
the mouse colons. (B) The quantitative lengths of colons. The data presented indicate the mean ± SD
(one mouse died in the DSS + MC-LR group, n = 11–12 mice per group). * p < 0.05, *** p < 0.001 vs.
CT group; # p < 0.05, ### p < 0.001 vs. DSS + MC-LR group.

2.3. Histological and Cytological Damage

Clear structures, including intact mucosal epithelium, regularly arranged crypts, and
numerous goblet cells, were observed in colons from the control (CT) group. Damaged
structures, characterized by mucosal epithelial disruption, disorder of crypts, loss of goblet
cells, and inflammatory cell infiltration, were observed in colons from the MC-LR group and
DSS group. Seriously damaged structures, including mucosal epithelial collapse, almost
disappeared crypts, and goblet cells, were observed in colons from the DSS + MC-LR group
(Figure 3). Moreover, we detected a number of broken DNA fragments of cells in the colonic
tissues via TUNEL staining. Compared to the CT group, the number of injured cells in
the colon was significantly higher in the DSS and MC-LR treatment groups. Furthermore,
compared to the DSS group, the number of injured cells was significantly higher in the DSS
+ MC-LR group. (Figure 4).
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Figure 3. The effect of MC-LR and DSS on histopathological changes. (A) Representative H &
E-stained images of colons. (B) The inflammation score. Red arrow, inflammatory cell infiltration;
yellow arrow, goblet cell; blue arrow, crypt. Scale bar: 200 µm (up) and 50 µm (down). *** p < 0.001
vs. CT group; ## p < 0.01, ### p < 0.001 vs. DSS + MC-LR group.
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Figure 4. TUNEL staining was used to detect the mouse colonic tissue. (A) Fluorescence in green
indicates a positive stain. (B) Relative fluorescence intensity. Scale bar: 200 µm (up) and 50 µm
(down). ** p < 0.01, *** p < 0.001 vs. CT group; ### p < 0.001 vs. DSS + MC-LR group.

2.4. The Expression Levels of Pro-Inflammatory Cytokines

The expression of several cytokines in the colonic tissue isolated from the mice was
detected through ELISA, to evaluate the impact of MC-LR and DSS-induced colitis. In the
DSS and MC-LR treatment groups, the levels of IL-6 (DSS: p = 0.001; MC-LR: p = 0.048),
IL-1β (DSS: p = 0.011; MC-LR: p = 0.043), and TNF-α (DSS: p < 0.000; MC-LR: p < 0.000) were
increased, relative to the CT group. Furthermore, when compared to the DSS and MC-LR
groups, the DSS + MC-LR group had higher levels of IL-6 (DSS: p = 0.012; MC-LR: p < 0.000),
IL-1β (DSS: p < 0.000; MC-LR: p < 0.000), TNF-α (DSS: p < 0.000; MC-LR: p < 0.000), and
IL-1α (DSS: p < 0.000; MC-LR: p < 0.000) (Figure 5). MC-LR increased the expression of
IL-6, IL-1β, TNF-α, and IL-1αin in the DSS-induced colitis model, thereby aggravating
the inflammation.
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Figure 5. The effect of MC-LR and DSS on pro-inflammatory cytokines. The protein level of the IL-6
(A), IL-1β (B), TNF-α (C), and IL-1α (D) in colonic tissue was detected using ELISA. The data are
expressed as mean ± SD (one mouse died in the DSS + MC-LR group, n = 11–12 mice per group).
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. CT group; # p < 0.05, ### p < 0.001 vs. DSS + MC-LR group.

2.5. NLRP3-Related Proteins

The expression of IL-1β was elevated in the DSS + MC-LR group, and the nucleotide-
binding domain-like receptor protein 3 (NLRP3) inflammasome was the primary origin of
IL-1β in the mucosa [19]. To clarify more potential pathways of MC-LR in the initiation and
advancement of IBD, we explored the expression levels of NLRP3-mediated pyroptosis-
related proteins. Western blot (WB) was used to determine the protein expression levels of
NLRP3, apoptosis-associated speck-like protein containing a caspase recruitment domain
(ASC), caspase-1 cleavage, and gasdermin D (GSDMD). When compared to the CT group,
the expression of NLRP3 (DSS: p = 0.013; MC-LR: p = 0.043), ASC (DSS: p < 0.000; MC-
LR: p < 0.000), caspase-1 cleavage (DSS: p < 0.000; MC-LR: p < 0.000), and GSDMD (DSS:
p = 0.017; MC-LR: p = 0.022) was significantly greater in the MC-LR and DSS treatment
groups. Again, the expression of NLRP3 (DSS: p = 0.004; MC-LR: p = 0.002), ASC (DSS:
p < 0.000; MC-LR: p < 0.000), caspase-1 cleavage (DSS: p < 0.016; MC-LR: p < 0.000), and
GSDMD (DSS: p = 0.002; MC-LR: p = 0.002) in the DSS + MC-LR group showed significantly
higher levels than in the MC-LR or DSS groups. (Figure 6).
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3. Discussion

As a lifelong disorder characterized by relapses, IBD can impose a substantial burden
on society [5]. Although its specific etiology is not clear, epidemiological investigations
have shown that the onset of IBD has a strong connection to environmental factors [8].
MC-LR is an environmental toxin widely present in water bodies and food; the World
Health Organization (WHO) has established a maximum MC-LR concentration in drinking
water of 1 g/L [20]. However, studies have found that the peak concentration of MC-LR in
artificial ponds in the Yangtze River Delta region of China could reach 40.6 µg/L, and in
Southern Africa, the concentration of MC-LR in Mozambican drinking water ranges from
6.83 to 7.78 µg/L. MC-LR is becoming more common and severe in freshwater systems
around the world [21]. The concentration of MC-LR in numerous water sources far exceeds
the WHO recommendation [22]. It enters our bodies mostly through the consumption of
contaminated food and water, causing multi-organ damage [12]. Previous studies have
found that persistent contact with low concentrations (1, 60 and 120 µg/L) of MC-LR
leads to intestinal barrier breakdown, chronic inflammation, fibrosis, and even IBD [15].
Nevertheless, the mechanism by which MC-LR induces IBD and aggravates colitis is
unknown. At present, most studies on the relationship between environmental factors and
the development of IBD have explored further environmental factors on the basis of the
DSS-induced colitis model. However, the influence of environmental factors usually occurs
over the whole process of disease occurrence, rather than only after the occurrence of IBD.
Therefore, we have improved the existing treatment method, and constructed an animal
model that is more in line with the occurrence and development process of IBD, by treating
environmental factors and DSS at the same time, so as to explore the role and mechanism
of environmental factors in the occurrence and development of IBD.
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Compared with the CT group, a colitis model was successfully constructed in the DSS
group, as evidenced by higher weight loss, an increased DAI, shorter colon length, more
serious colonic tissue damage, and higher levels of pro-inflammatory cytokines (IL-6, IL-1β,
TNF-α, and IL-1α). It was consistent with earlier research [23]. In comparison to the CT
group, the MC-LR group’s results showed higher weight loss, an increased disease DAI,
shorter colon length, more serious colonic tissue damage, and increased pro-inflammatory
cytokine levels (IL-6, IL-1β, and TNF-α). Our previous research demonstrated that chronic
low-level MC-LR (1, 60 and 120 µg/L through water consumption) could induce intestinal
damage, and even IBD [15]. In our research, animals were exposed to higher doses of
MC-LR (gavaged with 200 µg/kg) for a short phase. The two experimental designs showed
similar results. Moreover, similar results were obtained for the MC-LR group and the DSS
group. All of these indicate that MC-LR may induce colitis, and even IBD. The MC-LR
+ DSS group was more severely affected by colitis in comparison to the DSS group, as
evidenced by greater weight loss, an elevated DAI score, a decreased gut length, a higher
degree of tissue structural damage, more apoptotic cells, and higher levels of IL-6, IL-1α,
IL-1β and TNF-α in the colonic tissue. This suggests that MC-LR aggravates DSS-induced
colitis. As reported by Su et al., MC-LR exacerbates DSS-induced colitis, and prolongs its
duration [24]; in their research, MC-LR was used in an animal model of pre-existing IBD.
However, environmental factors (i.e., MC-LR) have been at work over the entire course of
IBD, including the stages of induction and progression. Furthermore, the concentration
of MC-LR is also a concern for us. The estimated daily intake (EDI) of the World Health
Organization limit is 0.04 µg MC-LR/kg/day. Although the actual concentration of MC-LR
in water cannot reach this level, MC-LR can enter the human body through a variety of
routes, including contaminated drinking water; aquatic, terrestrial animal, and cyanobacte-
ria dietary supplements; contaminated vegetables and fruits irrigated with LR-containing
water; inhalation and skin exposure during water recreation; and intravenous hemodialy-
sis with contaminated water. Via the aforementioned routes, MC-LR accumulates in the
human body. Existing studies have shown that the adult EDI of MCs in plants ranges from
3480–3630 ng/kg/d, both of which are 87–90-fold higher than the WHO detection limit [25],
and the mean concentrations of MCs in the kidney, liver, and muscle of the silver carp were
45.1, 40.0, and 29.1 ng/g, dm, respectively. However, in the presence of dense cyanobacteria
blooms, the mean concentrations of MCs in the kidney, liver, and muscle of the silver
carp were 782, 957, and 197 ng/g, dm, respectively. The concentrations of MC-LR were
chosen for this study according to WHO guidelines and peer literature. Su et al. gave mice
1000 µg/kg of MC-LR to investigate the impact of MC-LR on the severity of colitis [14,24].
By administering 200 µg/kg of MC-LR intragastrically to mice, Chen et al., discovered
that MC-LR treatment could drastically alter the structure of the mice’s intestinal bacteria,
causing intestinal injury [26]. Our previous research (unpublished) found inflammation
and fibrosis in colon tissue in mice, resulting from a 21-day intraperitoneal injection of
20 µg/kg MC-LR. The intraperitoneal injection of 20 µg/kg MC-LR was approximately
similar to the treatment dose of 200 µg/kg MC-LR administered by gavage, according to the
conversion of bioavailability [27]. Therefore, in this study, we selected a dose of 200 µg/kg
MC-LR for the gavage treatment of mice, as we thought that for the onset process of IBD,
this experimental concentration selection was appropriate [28]. In short, we used novel
approaches for animal modeling: mice were simultaneously given MC-LR and DSS, instead
of DSS treatment before MC-LR exposure [14]. We believe this modeling method is more
consistent with MC-LR’s mode of action in IBD. Therefore, the experimental results better
reflect the role of MC-LR in IBD.

IL-6, IL-1α, IL-1β, and TNF-α are common pro-inflammatory cytokines that cause
inflammation in IBD patients [29]. Among these factors, TNF-a and IL-1β play an essential
function in the development of IBD. TNF-a is a key cytokine that damages the intestine by
activating intracellular signaling pathways, such as NF-kB, MAPK, and caspases [30]. In
addition, anti-TNF-a agents have become effective medications for IBD [31]. In the results
of this research, the expression of TNF-a was significantly increased. This indicated that
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MC-LR might facilitate the occurrence and development of IBD. IL-1β comprises alarmins
in inflammasomes, eliciting systemic inflammation [32]. Previous research has shown that
a raised IL-1βexpression is linked with an elevated IBD severeness [33]. Furthermore, the
mucosal IL-1β was primarily produced by the NLRP3 inflammasome [19]. We discovered
that the IL-1β levels were significantly elevated, thus we examined the levels of NLRP3-
mediated pyroptosis-related proteins.

The NLRP3 inflammasome is crucial to the pathogenesis and progression of IBD [34].
Current study evidence has shown that large amounts of the NLRP3 inflammasome exacer-
bate colitis [35]. In addition, the lack of NLRP3 inflammasome protects against DSS-induced
colitis [36]. Our previous research proved that inhibiting the NLRP3 pathway can reduce
inflammation in IBD animal models [37,38]. The NLRP3 inflammasome is a protein com-
plex made up of NLRP3, apoptosis-associated speck-like protein with CARD (ASC), and
caspase-1 [39]. A diverse range of microbial substrates, signaling molecules, and envi-
ronmental stimuli may activate the NLRP3 receptor. The action process of the NLRP3
inflammasome is divided into two stages: priming and activation. Firstly, the expression
of NLRP3, pro-IL-1β, and pro-IL-18 is increased in response to various irritants, just like
toll-like receptor ligands. Secondly, during the activation step, NLRP3 inflammasome
assembly starts to respond to damage signals, such as transcellular ion flux, damaged
lysosomes, and damaged mitochondria, causing the cleavage of pro-caspase-1. The active
caspase-1 (cleaved caspase-1) induces the activation of IL-1β and IL-18, as well as the pore-
forming protein GSDMD-N, by cleaving their precursors (Figure 7). In our work, the results
demonstrate that the level of NLRP3, ASC, the cleavage of caspase-1, and GSDMD were
considerably elevated in the MC-LR and DSS groups, compared to the CT group. Similarly,
the level of these proteins was markedly increased in the DSS + MC-LR group, compared
to the MC-LR or DSS group. The MC-LR facilitated the level of NLRP3 in the colonic tissue
of colitis mice, suggesting that the digestive cytotoxicity of MC-LR in IBD is related to
the priming of the NLRP3 inflammasome. IL-1β, cleaved caspase-1, and GSDMD-N were
detected in the colonic tissue, and these findings suggest that MC-LR intestinal toxicity
in IBD is associated with NLRP3 inflammasome assembly. In addition, GSDMD-N is the
executor of pyroptosis [40], implying that MC-LR may promote pyroptosis in the colons of
IBD patients.
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4. Conclusions

Through our new, improved animal model, we explored the effects and the preliminary
mechanisms of MC-LR on the occurrence and development of IBD. The results first revealed
that MC-LR, through NLRP3 inflammasome-mediated pyroptosis, may induce colitis and
even IBD, and it could aggravate DSS-induced colitis in the same way. This could deepen
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the understanding of the specific mechanism by which MC-LR facilitates the occurrence
and development of IBD, and provide potential new directions for the prevention and
therapeutic target of IBD in the future.

5. Materials and Methods
5.1. Reagents and Antibodies

DSS was purchased from MP Biomedicals (Santa Ana, CA, USA). MC-LR with a
purity of 95% was purchased from Alexis Corporation (Lausen, Switzerland). The IL-1β
ELISA kits, IL-6 ELISA kits, TNF-α ELISA kits and IL-1α ELISA kits were purchased
from Invitrogen Life Technologies (Carlsbad, CA, USA). The Tunel kits was purchased
from Beyotime (Shanghai, China). The IL-1β antibody was purchased from RD System
(Minneapolis, MN, USA). The caspase-1 antibody and GSDMD antibody were purchased
from Abcam (Cambridge, UK). The ASC antibody was purchased from Adipogen (San
Diego, CA, USA). The β-actin antibody was purchased from Cell Signaling Technology
(Danvers, MA, USA).

5.2. Mice

Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China) provided SPF male C57BL/6
mice that were between 20 and 22 g, and eight weeks old. The mice were raised in China
at the Experimental Animal Centre of Central South University. They were fed standard
mouse pellets, and kept in a room with 12 h of light and 12 h of darkness. All experiment
plans were accepted by the Animal Care and Use Committee at Central South University
(permit no. XYGW-2018–41). Serum and colon tissues were gathered for the studies 24 h
following the last day.

5.3. Modeling and Experimental Design

After seven days of acclimatization and feeding, 48 mice were randomized into four
groups (n = 12 in every group): (A) mice given PBS gavage (control, CT); (B) mice given
Dextran-sulfate sodium gavage (DSS); (C) mice given MC-LR gavage (MC-LR); and (D)
mice given DSS + MC-LR gavage (DSS + MC-LR). In group A, mice were permitted to
consume water ad libitum for 7 days, while also receiving PBS (0.2 ml) via sham oral
gavage; in group B, mice were given the freedom to consume water containing 3% DSS
for 7 days, and were also orally gavaged with PBS daily; in group C, mice were permitted
to consume water ad libitum for 7 days, and were also gavaged with 200 µg/kg MC-LR
daily; in group D, mice were given the freedom to consume water containing 3% DSS for
7 days, and were also gavaged with 200 µg/kg MC-LR daily (Figure 8). Body weight, feces,
and body posture were measured every day during the trial, to calculate the DAI [36,41].
The DAI is the average number of the weight loss compared to the starting weight, the
consistency of the stool, and blood. At the designated time points, mice were killed, and
the sample was removed instantly for length evaluation, tissue culture, Western blotting
analysis, and histological assessment.

5.4. Histology

All mice were euthanized on day 7, and the colon was measured next to a standard
ruler, and photographed. Immediately, the collection and analysis of the colorectal samples
was performed. The bloodstains were rinsed away with PBS (pH = 7.2). Next, a segment of
distal colon (1.0 cm) was rolled, and then preserved overnight with 4% paraformaldehyde
(PFA) in sterile PBS buffer at room temperature. Paraffin was used to implant the tissues.
HE was used to stain 4 m-thick sections of tissue that had been dewaxed. An optical
microscope (Motic, BA210) was then employed, to inspect and photograph the slices.

5.5. Enzyme-Linked Immunosorbent Assay (ELISA)

The ELISA double-antibody sandwich method was used to measure inflammatory
cytokines (IL-1β, IL-6, TNF-α, and IL-1α). The test technique and statistics strictly adhered



Toxins 2023, 15, 447 10 of 13

to the kit’s instructions. Several 450 nm detectors (BioTek, Winooski, VT, USA) were used
in a microplate reader, to determine the absorbance value. The inflammatory cytokine con-
centration is proportional to the OD450 value, and the inflammatory cytokine concentration
in the sample can be calculated by drawing a standard curve.
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5.6. Western Blotting (WB)

From colorectal tissues that had been lysed in ice-cold RIPA solution, total protein
was extracted (Beyotime, Shanghai, China). The BCA technique was utilized to measure
the protein concentration (Bio-Rad, Hercules, CA, USA). SDS-PAGE was used to separate
the proteins, then the separated proteins were electroblotted onto a polyvinylidene fluo-
ride (PVDF) membrane (Merck Millipore Ltd., Burlington, MA, USA). Protein Free Rapid
Blocking Buffer (EpiZyme Biotechnology, Shanghai, China) was used to block the trans-
mitted membrane. Antibodies were used to treat the membranes overnight at 4 ◦C. These
antibodies included anti-NLRP3, anti-GSDMD, anti-caspase-1, anti-ASC, and anti-β-actin.
The transplanted membrane was incubated for 60 min with goat anti-mouse IgG (H + L)
HRP conjugate or goat anti-rabbit IgG (H + L) HRP conjugate. Protein bands were detected
and quantified using the Bio-Rad chemiluminescence imaging system, and Millipore’s
Luminata Forte Western HRP substrate. The intensity of the band was measured using
ImageJ (Rawak Software, Inc. Munchen, Germany).

5.7. TUNEL Staining

The slices were dewaxed with xylene and anhydrous ethanol successively, then washed
with distilled water. After the slices were slightly dried, the circle was dripped with protease
K (Beyotime, ST538) working solution, and incubated at 37 ◦C for 22 min. Then the slices
were placed in PBS (AIFang blological, AFIHC018) (PH7.4) and shaken three times for five
minutes using the decolorizing shaker. When the slices were slightly dried, the working
solution for breaking the membrane (Servicebio, G1204) was added into the circle, and
incubated for 20 min at room temperature. The slices were then washed three times for
five minutes each in PBS, using the decolorizing shaker. The appropriate amount of TDT
enzyme was taken from the TUNEL kit, mixed with dUTP at a ratio of 1:49, and added to
the covered tissue in the circle. Slices were placed flat in the wet box, incubated at 37 ◦C
for 2 h, and a small quantity of water was added to the wet box to maintain humidity. The
slices were washed with PBS three times, each time for 5 min. After the PBS was removed,
the circle was stained with DAPI (Beyotinme, C1002) for 10 min at room temperature. The
slices were then washed three times for five minutes each in PBS, using the decolorizing
shaker. The slices were slightly dried and sealed with anti-fluorescence quenching tablets.
Images were taken while the slices were being observed under a fluorescence microscope.
DAPI is excited by ultraviolet light with a wavelength of 330–380 nm, and it gives off a blue
light. FITC is excited by ultraviolet light with a wavelength of 465–495 nm, and it gives off
a green light with a wavelength of 515–555 nm. Under UV illumination, cell nuclei that
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have been labelled with DAPI appear blue. As the kit contains FITC fluorescein, the nuclei
of positively apoptotic cells appear green.

5.8. Statistical Analysis

The experiments were conducted in triplicate. The results are shown as the mean
standard deviation, and deemed statistically significant at p < 0.05. The statistical differences
were determined using SPSS version 26.0 (SPSS Inc., Chicago, IL, USA).
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