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Abstract 

Background and Aim: Esophageal injury often results in a scar, leading to refractory 

strictures. The NLRP3 inflammasome activates caspase-1, causing the maturation of 

interleukin (IL)-1β. Here, we aimed to investigate the preventive effect of pirfenidone 

(PFD), an antifibrotic drug, on esophageal stricture after ulcer healing and studied its 

mechanism by focusing on the activation of the NLRP3 inflammasome.  

Methods: Esophageal ulcers were induced in rats via the local application of acetic acid 

in the serosa. PFD was intraperitoneally administered to the rats 3 days after ulcer 

induction. The effect of PFD on esophageal stricture after ulcer healing was assessed by 

esophagography on day 9. The protein levels of mature caspase-1 and IL-1β were 

assessed by western blotting. 

Results: The ulcers fully developed 3 days after induction and were almost scarred by 

day 9 with severe strictures. PFD promoted ulcer healing and attenuated fibrotic 

collagen in the submucosa by suppressing the increase in NLRP3, cleaved caspase-1, 

and mature IL-1β expression, improving stricture rate (PFD vs. vehicle = 55% vs. 81%). 

Exogenous IL-1β abolished the therapeutic effects of PFD on ulcer healing and stricture 

formation. Furthermore, NLRP3 and caspase-1 inhibitors mimicked the effects of 

PFD on ulcer healing and stricture formation, with suppression of the increase in 

cleaved caspase-1 and mature IL-1β proteins and expression of fibrosis-related 

molecules including transforming growth factor (TGF)-β1.  

Conclusion: The NLRP3 inflammasome promotes esophageal stricture formation 

following ulcer healing, and PFD exerts potential prophylactic activity against strictures, 

possibly via the inhibition of the NLRP3/IL-1β/TGF-β1 axis. 
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Text 

Introduction 

An esophageal stricture has negative effects on the quality of life of patients and may lead 

to severe complications.1 It has several potential etiologies, including gastroesophageal 

reflux diseases,2 eosinophilic esophagitis,3 and post-endoscopic therapy.4 In particular, 

the incidence of esophageal stricture after endoscopic treatment for early esophageal 

cancer has recently increased and become a major problem.5 In order to prevent 

esophageal stricture, prophylactic procedures including balloon dilation, local steroid 

injection, and oral steroids have been used.6–8 However, new treatments should be 

developed from a different perspective, as the current therapies do not completely prevent 

strictures. 

Esophageal stricture is caused by the formation of scars associated with esophageal injury 

and biomechanical deterioration due to excessive fibrosis in the submucosa.9–11 Scar 

formation is an integral part of wound healing, which starts with inflammation and is 

followed by cell proliferation and fibrosis.12 Although a variety of fibrosis-related 

molecules, including transforming growth factor (TGF)-β and collagens, are upregulated 

during esophageal ulcer healing,13–18 the regulatory mechanisms and roles of these 

molecules remain unclear. 

The inflammasome is an important component of the innate immune response. Depending 

on the type of stimulus, various nucleotide-binding and oligomerization domain-like 

receptor (NLR) proteins constitute the inflammasome, which can regulate the secretion 

of interleukin (IL)-1β and IL-18 in response to an individual stimulus.19 Inflammasome 

signaling and downstream cytokine responses mediated by the inflammasome play an 

important role in fibrosis. Studies have confirmed the role of the NLR pyrin domain 
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containing 3 (NLRP3) inflammasomes in driving collagen deposition in tissues and 

activating caspase-1 in various inflammatory and fibrotic diseases such as lung, liver, 

heart, and kidney diseases.20–23  

Pirfenidone (PFD) is a pyridone analog (5-methyl-1-phenyl-2-(1H)-pyridone) used in the 

treatment of idiopathic pulmonary fibrosis.24 PFD exhibits antifibrotic activity as well as 

anti-inflammatory and anti-oxidant activities in other progressive fibrotic and 

inflammatory disorder models, including esophageal burn and inflammatory bowel 

disease models.16,25,26 Recent studies have suggested that PFD suppresses fibrosis in 

pulmonary, renal, and cardiac disorders by inhibiting inflammasome activation.27–29  

However, to our knowledge, there is no study on the role of PFD and inflammasomes in 

esophageal ulcer healing and stricture. Here, we aimed to clarify whether PFD can be 

used as prophylaxis for esophageal strictures during ulcer healing, using a rat artificial 

ulcer model. We also clarified the role of the NLRP3 inflammasome pathway in 

esophageal stricture formation following ulcer healing.  

 

Methods 

Animals 

Specific-pathogen-free 8-week-old male Sprague–Dawley rats were obtained from Japan 

SLC, Inc. (Shizuoka, Japan). The rats fasted for 12 h were subjected to laparotomy under 

inhalation anesthesia with isoflurane (4.0 L/min for induction, 2.0 L/min for maintenance), 

and all efforts were made to minimize suffering to the rats. All experiments were 

performed under the supervision of the Animal Research Committee in accordance with 

the relevant guidelines. All experimental procedures were approved by the Animal Care 

Committee of our institution (Approval number 19018). We repeated the entire set of rat 
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experiments at least twice on different days. 

Induction of experimental esophageal ulcers in rats 

Esophageal ulcers were induced using the method described by Tsuji et al. and Baatar et 

al.,14,30 with some modifications. Briefly, after careful separation of vessels and nerves, 

100% acetic acid (30 μL) was applied to the serosa of the lower esophagus through a 

polyethylene tube with an oval tip (inner long diameter, 6 mm; inner short diameter, 3 

mm) for 3 min. The serosa was subsequently washed with normal saline, and the abdomen 

was closed. Non-operated rats were used as controls for molecular biological analysis. 

For the subsequent experiments, the rats were euthanized in the ulcer formation stage 

(day 3), healing stage (day 6), and healing completion stage (day 9), according to a 

previous study.14 The ulcer area was measured using a computerized image-analysis 

system (Image J/FL; Universal Imaging Corp., Westchester, PA) as previously 

described.13,31 

Reagents 

PFD (100, 250, or 500 mg/kg; Shionogi & Co., Ltd., Osaka, Japan) suspended in 0.5% 

carboxymethylcellulose solution or vehicle was intraperitoneally administered to the rats 

with esophageal ulcers. To evaluate the role of the NLRP3 inflammasome, some rats were 

intraperitoneally administered the NLRP3 inhibitor glyburide (10 mg/kg; Novus 

Biologicals, LLC, Centennial, CO), the caspase-1 inhibitor ac-YVAD-cmk (3 mg/kg; 

Merck K GaA, Darmstadt, Germany), or rat recombinant IL-1β (0.1 g/kg; R&D Systems, 

Inc., Minneapolis, MN). All reagents were administered once daily starting on day 3. 

Measurement of esophageal stricture 

The esophageal stricture was measured by esophagography before sacrificing the rats on 

day 9, as reported previously.15 The stricture rate was calculated as 100 × (A–B) / A, 
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where A is the largest diameter on the oral side of the esophagus and B is the narrowest 

diameter of the esophagus after filling the esophagus with the contrast medium. We 

repeated esophagography five times per rat and used the average value as the esophageal 

diameter of the individual. 

Measurement of esophageal fibrosis 

Paraffin-embedded esophagus specimens, cut longitudinally at the center of the ulcer, 

were cut into 4-µm-thick slices and stained with Masson trichrome for fibrosis evaluation. 

At equal magnification, the thickness and area of fibrosis were measured. The area of 

fibrosis was calculated using ImageJ as the percentage of blue-stained areas. 

Real-time quantitative reverse transcription polymerase chain reaction  

Real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was 

performed using TaqMan Fast Universal PCR master mix (Thermo Fisher Scientific Inc., 

Waltham, MT) on a 7500 Fast Real-Time PCR system (Thermo Fisher Scientific Inc.) as 

described previously.32 Glyceraldehyde-3-phosphate dehydrogenase (GADPH) was used 

as the reference gene. The mRNA levels are expressed as a percent of the mean value for 

rats in the untreated control group. The primers and probes used are listed in 

Supplementary Table 1. 

Western blotting 

The esophageal tissues were homogenized and lysed in ice-cold lysis buffer. Proteins 

were separated by sodium dodecyl sulfate-polyacrylamide gel and transferred onto 

polyvinylidene fluoride membranes as described previously.33 The blots were 

immunostained with primary antibodies and appropriate secondary antibodies. The 

antibodies used and their dilutions are listed in Supplementary Table 2. 

Immunofluorescence studies 
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The esophageal specimens were fixed with 4% paraformaldehyde phosphate buffer 

solution for 120 min at 4°C and cryoprotected overnight in phosphate-buffered saline 

containing 20% sucrose. The tissues were frozen in OCT compound (Sakura FineTek 

Japan, Tokyo, Japan) and sectioned on a cryostat (Thermo Fisher Scientific Inc.). The 

samples were then incubated with primary antibodies and reacted with the corresponding 

secondary fluorescent dye-conjugated antibodies (Invitrogen Corporation, Carlsbad, CA). 

Images were captured by fluorescent microscopy. The antibodies used and their dilutions 

are listed in Supplementary Table 2. 

Statistical analysis 

GraphPad Prism 7 (GraphPad Software, San Diego, CA) was used for statistical analysis. 

Values are expressed as mean ± standard deviation. An independent Student’s t-test was 

used to compare the differences between the groups. The one-way analysis of variance 

was used to compare the differences among multiple groups, and the results were 

analyzed using Tukey’s multiple comparisons test. Statistical significance was set at 

P < 0.05. 

 

Results 

Dynamics of ulcer healing and subsequent induction of stricture  

The esophageal ulcer area reached the maximum on day 3 after ulcer induction; thereafter, 

it gradually decreased. The ulcers almost healed macroscopically, and strictures were 

observed in esophagography on day 9 (Fig. 1A-C). Microscopically, on day 3, the 

esophageal ulcers were visualized as deep necrotic lesions involving the esophageal 

mucosa, submucosa, and muscularis propria (Fig. 1D). On day 6, a thin sheet of squamous 

epithelial cells migrated from the ulcer margin onto the granulation tissue to partially 
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cover the ulcer base (Fig. 1E). On day 9, macroscopically healed esophageal ulcers were 

mostly re-epithelialized, and the volume of the submucosal layer was increased (Fig. 1F). 

Expression of cytokines and fibrosis-related molecules during ulcer healing 

The mRNA expression of tumor necrosis factor (TNF)-α (Supplementary Fig. 1A) and 

IL-6 (Supplementary Fig. 1B) in the esophageal tissue peaked on day 3 and gradually 

diminished on days 6 and 9, showing similar dynamics as the esophageal ulcer area (n = 

8). In contrast, the mRNA levels of IL-1β (Fig. 1G), NLRP3 (Fig. 1H), caspase-1 (Fig. 

1I), TGF-β1 (Fig. 1K), and collagen type I alpha 1 chain (COL1A1) (Fig. 1L) peaked on 

day 6 and decreased on day 9. Ulceration did not influence IL-18 mRNA expression (Fig. 

1J) during the study (n = 8). 

PFD promotes ulcer healing 

The ulcer areas in the rats treated with 500 mg/kg PFD significantly decreased by 31% 

compared with those in the vehicle-treated rats on day 6 (n = 8) (Fig. 2A). Consequently, 

we identified 500 mg/kg as an effective dose, and the subsequent experiments were 

conducted with 500 mg/kg PFD. The body weight of the rats continued to decrease until 

day 3. After day 4, the body weight of the PFD-treated rats gradually increased; however, 

the body weight of the vehicle-treated rats did not recover to the basal control levels 

during the study (n = 8) (Fig. 2B). Treatment with PFD in untreated rats did not affect 

body weight change by day 9 (Supplementary Fig. 2). 

PFD prevents stricture formation by inhibiting fibrosis 

Esophageal strictures in the PFD-treated rats were significantly improved compared to 

those in the vehicle-treated rats on day 9 (55% vs. 81%, n = 8, P < 0.01) (Fig. 2C, 2D). 

In addition, mean thickness and fibrotic areas of the PFD-treated rats were significantly 

lower than those of the vehicle-treated rats on day 9, respectively (491 μm vs. 666 μm, n 
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= 8, P <0.01) (64% vs. 43%, n = 8, P <0.01) (Fig. 2E-G). The thickness and fibrotic 

areas on day 6 showed similar dynamics as those on day 9 (Supplementary Figure 3A-C). 

PFD suppresses the activation of the NLRP3 inflammasome and the expression of 

fibrosis-related molecules 

Compared with the vehicle treatment, PFD treatment significantly reduced the mRNA 

expression of IL-1β (Fig. 3A), NLRP3 (Fig. 3B), caspase-1 (Fig. 3C), and the fibrosis-

related genes TGF-β1 (Fig. 3E) and COL1A1 (Fig. 3F) on day 6 after ulcer induction. 

The mRNA levels of inflammatory cytokines such as IL-18 (Fig. 3D), TNF-α 

(Supplementary Fig. 4A), and IL-6 (Supplementary Fig. 4B) did not significantly differ 

between the PFD- and vehicle-treated rats (n = 8). Consistent with the PCR results of 

mRNA expression levels, esophageal ulceration increased the protein levels of NLRP3, 

pro-caspase-1, cleaved caspase-1, pro-IL-1β, mature IL-1β, TGF-β1, and COL1A1 on 

day 6, and treatment with PFD inhibited the increase in the protein levels of these 

molecules (n = 6) (Fig. 3G). 

Preventive effect of PFD on the expression and localization of cleaved caspase-1 in 

the ulcerated esophagus 

The localization and expression of cleaved caspase-1 were determined using histological 

immunofluorescence. The results showed that cleaved caspase-1 was diffusely expressed 

in the submucosal granulation tissues of esophageal ulcers in the vehicle-treated rats on 

day 6, whereas the rats treated with PFD exhibited a considerable decrease in cleaved 

caspase-1 expression (Fig. 4A). Double staining of cleaved caspase-1 and CD68 

demonstrated that the majority of the cells expressing cleaved caspase-1 were 

macrophages and monocytes (Fig. 4B). In normal esophageal tissues of the non-treated 

rats, cleaved caspase-1 was not expressed, and CD68 was slightly expressed (Fig. 4C).  
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IL-1β supplementation abolishes the beneficial effects of PFD against ulcer healing 

and its protective effects against stricture formation 

To investigate the role of PFD and IL-1β, a product of NLRP3 activation, in esophageal 

stricture after ulcer healing, the rats were administered vehicle or intraperitoneally 

injected rat recombinant IL-1β (0.1 μg/kg) starting 3 days after ulcer induction. The 

administration of recombinant IL-1β abolished the beneficial effects of PFD against 

esophageal ulcer healing on day 6 (Fig. 5A, B) and reduced its preventive effect against 

esophageal stricture formation after healing of the ulcer on day 9 (n = 6) (Fig.5C, D). 

However, IL-1β supplementation did not affect ulcer healing (Fig. 5A, B) or the severity 

of esophageal stricture (Fig. 5C, D) in the vehicle-treated rats (n = 6). 

Inhibition of the NLRP3 inflammasome enhanced ulcer healing and prevented 

stricture formation by inhibiting fibrosis 

To confirm the involvement of the NLRP3/caspase-1/IL-1β axis in the suppressive effects 

of PFD, glyburide (NLRP3 inhibitor) and ac-YVAD-cmk (caspase-1 inhibitor) were 

administered. The esophageal ulcer area in the glyburide- and ac-YVAD-cmk-treated rats 

was significantly lower than that in the vehicle-treated rats on day 6 (n = 6) (Fig. 6A, B). 

Similarly, glyburide and ac-YVAD-cmk significantly reduced the esophageal stricture 

rate on day 9 (Fig. 6C, D) and reduced the thickness and fibrotic areas on day 9 (Fig. 6E-

G). Moreover, similar to the PFD treatment results, both treatments significantly inhibited 

the protein levels of cleaved caspase-1, mature IL-1β, TGF-β1, and COL1A1 on day 6 (n 

= 6) (Fig. 6H).  

Discussion 

Here, we demonstrated that treatment with PFD promoted acetic acid-induced ulcer 

healing; attenuated fibrosis by suppressing the increase in the expression of NLRP3, 
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cleaved caspase-1, and mature IL-1β proteins; and prevented esophageal stricture 

formation. Interestingly, the expression of IL-18, which is also activated by 

inflammasomes, did not increase during the experiment. The administration of a low dose 

of exogenous IL-1β, which did not affect ulcer healing and stricture formation in the 

vehicle-treated rats, abolished the therapeutic effects of PFD on ulcer healing and its 

preventive effects on stricture formation. These results suggest that the promotion of ulcer 

healing and attenuation of stricture formation by PFD is related to a deficiency in the 

mature form of IL-1β. Furthermore, similar to PFD treatment, treatment with NLRP3 and 

caspase-1 inhibitors promoted ulcer healing and attenuated stricture formation by 

suppressing the increase in the expression of cleaved caspase-1 and mature IL-1β proteins. 

Collectively, these findings clearly indicate that the preventive effects of PFD against 

esophageal stricture formation after ulcer healing are mediated through the inhibition of 

IL-1β produced by NLRP3 inflammasomes. To the best of our knowledge, this is the first 

study to demonstrate that PFD can offer effective prophylaxis for esophageal stricture 

after ulcer healing through a novel mechanism of suppressing NLRP3 inflammasome 

activation. 

Esophageal stricture formation after esophageal endoscopic treatment is a major clinical 

problem;4–8 however, there are a few good animal models to study this phenomenon. In 

esophageal stricture models of pigs and dogs, uniform ulcers are technically difficult to 

produce, and it is difficult to obtain sufficient accuracy for molecular studies in addition 

to various problems caused by the type of animal species.9,10,34 The alkaline drinking 

model of rodents is suitable for studying the healing process at the molecular level;16,35 

however, it is difficult to obtain strictures of the same size, and the influence of the alkali 

on other organs is a concern because of the characteristics of the procedure. Therefore, 
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we improved the existing esophageal acetic acid-induced ulcer model and established a 

new rat model that can exhibit not only the healing process of the ulcer but also the 

condition of the esophageal stricture by adjusting the size of the ulcer. The advantage of 

this model over other models is that it was easy to create ulcers of the same size, enabling 

an objective evaluation of the degree of esophageal ulceration and stricture. Furthermore, 

this modified model showed a low death rate (90% of the rats survived during the 

experimental period) and a high success rate (esophageal stricture formation in all rats). 

We consider this model to be an optimal rodent model that can better mimic strictures 

after esophageal injury, including post-endoscopic treatment, than other experimental 

models. However, further studies are needed to apply the results of this animal study to 

clinical practice since the process of acetic acid-induced ulcer formation used in the study 

differs from that in the clinical situation. 

Our findings concur with the results of recent studies in different animal models of 

fibrosis disorders in organs such as the kidney,23 heart,29 and lung,27 where the fibrosis 

and expression of fibrosis-related molecules were inhibited by PFD via the inhibition of 

NLRP3 inflammasome activation. Furthermore, PFD has been shown to prevent 

gastrointestinal stricture formation in esophageal burn models and inflammatory bowel 

disease models by inhibiting the expression of fibrosis-related molecules, including TGF-

β1 and collagen I.16,25,26 The TGF-β pathway is important in virtually all types of fibrosis, 

including esophagus fibrosis.9,12 TGF-β binds to its cognate cell surface receptors, 

initiating downstream signaling that ultimately leads to nuclear translocation of the 

transcriptional modulators Smad2/3.12 This leads to myofibroblast differentiation and 

increased expression of target genes that function to further enhance the production and 

secretion of extracellular matrix proteins such as collagen I, laminin, and fibronectin.12 
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This chain of events, in turn, causes physical organ deformation, which impairs organ 

function.12 Here, we demonstrated that PFD, as well as NLRP3 and caspase-1 inhibitors, 

attenuated fibrosis during ulcer healing by inhibiting IL-1β, TGF-β1, and COL1A1 

expression. A recent study showed that NLRP3 inflammasome activation could trigger 

fibrosis through TGF-β1 produced by IL-1β.36,37 IL-1β acts as an autocrine signal in the 

fibroblast to upregulate mitogen-activated protein kinase family signaling pathways, 

resulting in increased gene expression of TGF-β1.38 These findings suggest that PFD may 

prevent esophageal fibrosis by mediating the NLRP3/IL-1β/TGF-β1 axis (Fig. 7). 

However, the mechanism by which PFD prevents esophageal fibrosis remains unclear, 

and the anti-fibrotic effect of PFD has been attributed to the suppression of not only 

NLRP3 inflammasome activation but also various cell growth factors and the epithelial-

mesenchymal transition.39–41 These other mechanisms may be involved in the preventive 

effect of PFD on esophageal stricture. 

NLRP3 inflammasome activation in the esophagus has been evaluated in only a few 

studies. Although recent studies, including ours, have demonstrated overactivation of the 

NLRP3 inflammasome in Barrett's epithelial cells,42 Barrett’s cancers,43 and esophageal 

squamous cell carcinoma,44 the role of the NLRP3 inflammasome in esophageal ulcers 

has not been reported. Here, we demonstrated that both NLRP3 and caspase-1 inhibitors 

prevented esophageal stricture formation by inhibiting fibrosis, suggesting that the 

NLRP3 inflammasome may play an important role in fibrosis in the esophagus, and this 

pathway may represent an attractive target for esophageal stricture. 

In conclusion, we demonstrated that PFD promoted esophageal ulcer healing and 

prevented stricture formation via the inhibition of IL-1β produced by the NLRP3 

inflammasome and expression of fibrosis-related molecules. As PFD has been clinically 
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used for many patients with idiopathic pulmonary fibrosis, its safety and tolerability have 

already been established. Thus, PFD may be a good candidate drug for prophylaxis of 

esophageal strictures after esophageal injury, including post-endoscopic treatment. 
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Figure legends 

Figure 1. Dynamics of esophageal ulcer healing and induction of stricture during 

ulcer healing 

An esophageal ulcer was induced by applying 100% acetic acid to the serosa of the lower 

esophagus. (A, B) Time course of changes in esophageal ulcers during the ulcer healing 

process. (A) Representative macroscopic images of esophageal ulcers. (B) Ulcer area 

(mm2) measured using a computerized image-analysis system. n = 8. (C) Fluoroscopic 

images of esophageal strictures following ulcer healing by esophagography on day 9. (D-

F) Time course of representative histological changes determined by hematoxylin/eosin 

staining of esophageal ulcers during the ulcer healing process. EP: epithelium, SM: 

submucosal layer, MP: muscularis propria, GT: granulation tissue. The arrow indicates 

the epithelial cell migration.(G-L) Time courses of changes in mRNA expression of (G) 

interleukin (IL)-1β, (H) NLRP3, (I) caspase-1, (J) IL-18, (K) transforming growth factor 

(TGF)-β1, and (L) collagen type I alpha 1 chain (COL1A1) were determined using real-

time quantitative reverse transcription-polymerase chain reaction (qRT-PCR). The 

expression levels of mRNA are expressed as a percentage of the mean values of the non-

treated control rats. n = 8; *P < 0.05, **P < 0.01. 
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Figure 2. Pirfenidone (PFD) promotes esophageal ulcer healing and prevents 

stricture formation by inhibiting fibrosis 

Rats with ulcers received intraperitoneal injections of PFD once daily from day 3. (A) 

Time course of changes in ulcer areas from day 6 to 9 with three doses of PFD: 100, 250, 

and 500 mg/kg. The ulcer area (mm2) was measured using a computerized image-analysis 

system. (B) Time course of changes in the body weight (BW) of rats after ulcer induction 

with PFD at a dose of 500 mg/kg. n = 8. (C) Representative fluoroscopic images of 

esophageal stricture by esophagography on day 9 between the vehicle-treated and PFD-

treated rats (500 mg/kg) and (D) comparison of the stricture rate (%). The stricture rate 

was calculated as 100 × (A – B) / A, where A is the largest diameter of the esophagus and 

B is the narrowest diameter of the esophagus after filling the esophagus with the contrast 

medium. n = 6. (E-G) Comparison of esophageal fibrosis by Masson trichrome staining 

on day 9 between the vehicle-treated and PFD-treated rats (500 mg/kg). n = 8. (E) 

Representative histological images, (F) thickness (µm) at the center of the ulcer, and (G) 

fibrotic area (%) measured as a percentage of blue-stained area using a computerized 

image-analysis system; n = 8; *P < 0.05, **P < 0.01.  
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Figure 3. PFD suppresses the activation of the NLRP3 inflammasome components 

and the expression of fibrosis-related molecules 

Pirfenidone (500 mg/kg) or vehicle was intraperitoneally administered to rats once daily 

from 3 days after ulcer induction. (A-F) Comparison of expressions of mRNA of (A) IL-

1β, (B) NLRP3, (C) caspase-1, (D) IL-18, (E) TGF-β1, and (F) COL1A1 determined 

using qRT-PCR between the vehicle-treated and PFD-treated rats on day 6. The mRNA 

levels are expressed as a percentage of the mean values of non-treated control rats. n = 8. 

(G) Representative images of western blots of NLRP3, pro-caspase 1, cleaved caspase-1, 

pro-IL-1β, mature IL-1β, TGF-β1, and COL1A1 on day 6. GAPDH was used as an 

internal control. n = 6; *P < 0.05, **P < 0.01. 
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Figure 4. Preventive effect of PFD on the expression and localization of cleaved 

caspase-1 in the ulcerated esophagus 

Pirfenidone (500 mg/kg) or vehicle was intraperitoneally administered to rats once daily 

from 3 days after ulcer induction. (A) Immunofluorescence detection of cleaved caspase-

1 in the vehicle-treated and PFD-treated rats on day 6. (B, C) Double staining of cleaved 

caspase-1 and CD68 (B) in the PFD-treated rats on day 6 and (C) in untreated control rats. 
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Figure 5. IL-1β supplementation abolishes the therapeutic effect of PFD on ulcer 

healing and its preventive effects on stricture formation 

PFD (500 mg/kg) and/or recombinant IL-β (0.1 µg/kg) were intraperitoneally 

administered to rats once daily from 3 days after ulcer induction. (A) Comparison of the 

ulcer areas on day 6. The ulcer area (mm2) was measured using a computerized image-

analysis system. n = 6. (B) Representative macroscopic images of the esophageal ulcer 

on day 6. (C) Comparison of the stricture rate (%) and (D) representative fluoroscopic 

images of esophageal strictures by esophagography on day 9. n = 6; *P < 0.05; n.s., not 

significant. 
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Figure 6. Inhibition of activation of the NLRP3 inflammasome promotes ulcer 

healing and prevents stricture formation by inhibiting fibrosis-related molecules 

PFD (500 mg/kg), glyburide (10 mg/kg), or ac-YVAD-cmk (3 kg/kg) was 

intraperitoneally administered to rats once daily from 3 days after ulcer induction. (A) 

Comparison of the ulcer areas on day 6. The ulcer area (mm2) was measured using a 

computerized image-analysis system. n = 6. (B) Representative macroscopic images of 

esophageal ulcers. (C) Comparison of the stricture rate (%) and (D) representative 

fluoroscopic images of esophageal strictures by esophagography on day 9. (E-G) 

Comparison of histological evaluations of esophageal fibrosis by Masson’s trichrome 

staining. (E) Representative images, (F) thickness (µm) at the center of the ulcer, and (G) 

the fibrotic area (%). The fibrotic areas were measured as the percentage of blue-stained 

areas using a computerized image-analysis system. n = 6. (H) Representative images of 

western blots of cleaved caspase-1, mature IL-1β, TGF-β1, and COL1A1 on day 6. 

GAPDH was used as an internal control. n = 6; *P < 0.05.  
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Figure 7. Proposed mechanism underlying the protective effects of PFD on 

esophageal strictures after ulcer healing 

NLRP3: nucleotide-binding and oligomerization domain-like receptor pyrin domain 

containing 3 

ASC: Apoptosis-associated speck-like protein containing a CARD 





Supplementary Figures 

 

 

Supplementary Figure 1. Changes in mRNA expression during the acetic acid-

induced ulcer healing 

An esophageal ulcer was induced by applying 100% acetic acid to the serosa of the lower 

esophagus. (A, B) Time courses of changes in mRNA expression of tumor necrosis factor 

(TNF)-α (A) and interleukin (IL)-6 (B) were determined using qRT-PCR. The expression 

levels of mRNA are expressed as a percentage of the mean values of the non-treated 

control rats. n = 8; **P < 0.01. 

 



 

Supplementary Figure 2. Time course of changes in the body weight of untreated 

rats with PFD at a dose of 500 mg/kg. n = 6. 

 

 

Supplementary Figure 3. Pirfenidone (PFD) suppresses expression of inflammatory 

cytokines 

Pirfenidone (500 mg/kg) or vehicle was intraperitoneally administered to rats once daily 

from 3 days after ulcer induction. (A, B) Comparison of expressions of mRNA of (A) 

TNF-α and (B) IL-6 on day 6 between vehicle-treated rats and PFD-treated rats. The 

mRNA levels are expressed as a percentage of the mean values of non-treated control rats. 

n = 8. 



 

 

Supplementary Figure 4. Pirfenidone (PFD) inhibits fibrosis during ulcer healing 

process. 

Comparison of esophageal fibrosis by Masson trichrome staining on day 9 between the 

vehicle-treated rats and PFD-treated rats (500 mg/kg). (A) Representative images, (B) 

thickness (µm) at the center of the ulcer, and (C) the fibrotic area (%). The fibrotic areas 

were measured as the percentage of blue-stained areas using a computerized image-

analysis system. n = 8; *P < 0.05, **P < 0.01. 

 

 

 

 

 

 



Supplementary Tables 

Supplementary Table 1. The PCR primers and TaqMan probes 

Gene Primer and probe 

Primer names Sequence (5'->3')  

 

PCR  

Caspase-1 forward GGTTGACACAATCTTTCAAATGATGA 

Caspase-1 reverse CCCTCTTCGGAGTTTCCTACTG 

Caspase-1 Probe FAM-CACCACTCCTTGTTTCTCTCCACGGCAT-TAMRA 

COL1A1 forward ACCGATGGATTCCAGTTCGAG 

COL1A1 reverse TGGACATCAGGCGAGGAA 

COL1A1 Probe FAM-ACATCGGCAGGATCGGAACCTTCGCT-TAMRA 

IL-1β forward AGTGGTATTCTCCATGAGCTTTGTA 

IL-1β reverse TGGGATCCACACTCTCCAGC 

IL-1β Probe FAM-AGAGACAAGCAACGACAAAATCCCTGTGGC-

TAMRA 

IL-6 forward ACTCCATCTGCCCTTCAGGAA 

IL-6 reverse CAGTGGCTGTCAACAACATCAG 

IL-6 Probe FAM-CTCTCCGCAAGAGACTTCCAGCCAGT-TAMRA 

IL-18 forward ACCTGAAGATAATGGAGACTTGGAA 

IL-18 reverse CAACGAAGAGAACTTGGTCATTTATG 

IL-18 Probe FAM-CACTTTGGCAGACTTCACTGTACAACCGCA-

TAMRA 

NLRP3 forward CCCAGTCTCCTTGCTGCG 

NLRP3 reverse CTGCAGTGTGACAAGATCAGAAC 

NLRP3 Probe FAM-CCACTCTGTGAGACAATGACTACCCCGAAA-

TAMRA 

TNF-α forward AGAGCCCTTGCCCTAAGGACACCCCT 

TNF-α reverse TCATACCAGGGCTTGAGCTCA 

TNF-α Probe FAM-CACTTTGGCAGACTTCACTGTACAACCGCA-

TAMRA 

TGF-β1 forward TGTCCGGCAGTGGCTGAA 

TGF-β1 reverse GGAGTACATTATCTTTGCTGTCACAA 

TGF-β1 Probe FAM-

CACTGAAGCGAAGCGAAAGCCCTGTATTCCGTCTC-

TAMRA 

 



Supplementary Table 2. The list of the antibodies used 

 

 Company  Catalog No.  Dilution  note  

caspase-1 Santa Cruz Biotechnology sc-56036  1:200  WB 

Collagen 1 BIS bs-10423R 1:500 

IL-1β R&D Systems AF501NA 1:1000  

NLRP3 Novus Biologocals NBP2-12446 1:200 

TGF-β1 Abcam ab215715 1:1000 

GAPDH Sigma-Aldrich G-8795 1:10,000 

CD68 Abcam ab955 1:200 IF 

 

 

 

 

 

 

 

cleaved 

caspase-1 p10 

Cell Signaling Technology Asp296 1:50 

Alexa Fluor® 

488 Chicken 

Anti-rabbit IgG 

(H+L) 

Thermo Fisher Scientific A-21441 1:1,000  

Alexa Fluor® 

546 Goat Anti-

mouse IgG 

(H+L) 

Thermo Fisher Scientific A-11030 1:1,000 

WB, western blotting; IF, immunofluorescence. 
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