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Abstract 

Background

Larval invasion of gut mucosa is a crucial procedure in Trichinella spiralis infection. 

Previous studies showed that T. spiralis excretory-secretory proteins (ESP) disrupted 

gut epithelial integrity and promoted larval invasion by inducing apoptosis. How-

ever, the key molecules of the ESPs involved in this process are unknown. A serine 

protease (TsSPc) in T. spiralis ESPs was identified to be capable of promoting larval 

invasion. The aim of this study was to investigate whether TsSPc induces gut epithe-

lial apoptosis, disrupts the barrier function, promotes larval invasion, and elucidates 

its acting mechanism.

Methodology/principal findings

The results of DAPI, TUNEL and Annexin V/PI staining, immunofluorescence test 

(IFT) and flow cytometry showed that rTsSPc triggered Caco-2 cell apoptosis. The 

results of qPCR and Western blot revealed that rTsSPc significantly up-regulated the 

expression of Caco-2 cell apoptosis-related proteins (Caspase 3, Caspase 9 and 

Caspase 8, Bax and Cytochrome c), activated the apoptosis pathway, and thereby 

induced Caco-2 apoptosis. rTsSPc bound and interacted with PGAM5 receptor in 

Caco-2 cells and induced apoptosis, reduced the tight junctions (TJs) expression lev-

els and damaged the Caco-2 monolayer integrity and barrier function, and promoted 

larval invasion. When gut epithelial PGAM5 receptor and apoptosis were inhibited by 

PGAM5-specific siRNA, inhibitor (LFHP-1c) and apoptosis inhibitor (Z-VAD-FMK), 

trans-epithelial electrical resistance (TEER) and TJs expression were obviously 

increased, and intestinal permeability was evidently decreased. Additionally, larval 

invasion of Caco-2 monolayer was also decreased by siPGAM5 and inhibitor pre-

treatment. These findings indicated that inhibition of PGAM5 receptor and apoptosis 

prevented rTsSPc from damaging gut epithelial integrity and larval invasion.
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Conclusions

rTsSPc binding and interacting with PGAM5 triggered gut epithelial apoptosis, 

reduced the TJs expression and damaged gut barrier function, thereby mediated 

larval invasion. TsSPc might be a candidate vaccine target to interdict larval invasion 

and T. spiralis infection.

Author summary

Previous studies showed that Trichinella spiralis excretory-secretory proteins 
(ESP) disrupted intestinal epithelial barrier and promoted larval invasion by 
inducing apoptosis. However, the key molecules of the ESPs involved in this 
process are unknown. A T. spiralis serine protease (TsSPc) as an important com-
ponent of ESPs has been confirmed to disrupt intestinal epithelial integrity. The 
aim of this study was to investigate whether TsSPc induces intestinal epithelial 
apoptosis, disrupts the barrier function, promotes larval invasion, and eluci-
dates its acting mechanism. The results showed that rTsSPc damaged intestinal 
epithelium and induced enterocyte apoptosis. rTsSPc interacted with PGAM5 
and induced apoptosis, reduced the tight junctions (TJs) expression levels and 
damaged the Caco-2 monolayer integrity barrier and promoted larval invasion. 
When PGAM5 and apoptosis were inhibited by PGAM5-specific siRNA, inhibitor 
(LFHP-1c) and apoptosis inhibitor (Z-VAD-FMK), the trans-epithelial electrical 
resistance (TEER) and TJs expression were obviously increased and intestinal 
permeability was evidently decreased. Additionally, larval invasion of Caco-2 
monolayer was also decreased by siPGAM5 and inhibitor pretreatment. These 
results indicated that inhibition of PGAM5 and apoptosis prevented rTsSPc from 
damaging intestinal epithelial integrity and larval invasion. rTsSPc binding and in-
teracting with PGAM5 induced gut epithelial apoptosis, reduced the TJs expres-
sion and damaged gut barrier function, thereby mediated larval invasion. TsSPc 
may serve as a candidate molecular target to block T. spiralis larval invasion.

Introduction

Trichinellosis is a globally distributed foodborne parasitic zoonosis and poses a signif-
icant threat to public health [1,2]. Trichinella spiralis infection occurs when the mam-
mals including humans consume raw or undercooked meat infected with T. spiralis 
muscle larvae (ML). When the infected meat is digested in the host’s stomach, the 
ML are released and activated to the intestinal infective larvae (IIL) by bile and intes-
tinal contents. Then, the IIL penetrate to intestinal epithelial cells (IECs) and develop 
into adult worms (AW) after four molts. After being copulated with male worms, the 
female worms are fertilized and subsequently give birth to newborn larvae (NBL) in 
the intestine [3]. Therefore, larval invasion of intestinal mucosa is a vital procedure 
in T. spiralis infection [4–6]. However, the absence of oral appendages and spicules 
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in T. spiralis larvae suggests that gut epithelial invasion is unlikely to be caused by mechanical penetration by the larvae 
themselves. Instead, it is more likely to result from the degradation and destruction of gut epithelium by various proteases 
present in the IIL surface or their excretory-secretory proteins (ESP) [7,8]. Nevertheless, the underlying mechanism of 
larval invasion of gut mucosa is still not fully understood.

Some studies showed that T. spiralis larvae released their ESP to participate in the interaction with the host and 
immune escape to ensure their survival in hosts [9]. T. spiralis ESP have been found to take part in some vital patho-
logical processes such as inflammatory reaction, destroying intestinal mucosal barrier and inducing epithelial apoptosis 
[10–12]. T. spiralis infection induces the apoptosis of gut mucosal epithelial cells during intestinal infection stage [13,14].

Our previous study indicated that a T. spiralis serine protease TsSPc (GenBank: U62659.1) was identified in IIL surface 
proteins and ESP [15,16]. Recombinant plasmid pQE-80L/TsSPc was prepared, and rTsSPc with His tag was expressed 
and identified in our laboratory [6]. TsSPc as a secretory serine protease was specifically bound to the RACK1 receptor 
and activating MAPK/ERK1/2 pathway in gut epithelium, disrupted the Caco-2 monolayer barrier function and promoted 
larval invasion. However, when anti-rTsSPc antibodies and TsSPc-specific dsRNA were used in the in vitro invasion assay, 
only partial larval invasion was suppressed; After the inhibitors of RACK1 receptor and ERK1/2 pathway were preadmin-
istered in mice, larval invasion of gut mucosa partly impeded, but T. spiralis infection was not completely interdicted [17]. 
The results suggested that the mechanism of TsSPc damaging gut epithelial integrity and mediating larval invasion was 
not fully clear. Larval invasion might be involved in other mechanisms. It is hypothesized that TsSPc may be involved in 
the cellular apoptosis of intestinal epithelium triggered by T. spiralis infection, and the detailed mechanism requires further 
investigation.

Furthermore, intestinal epithelial barrier plays an important role in the host defense against pathogen invasion. It is 
known that many pathogens consisting of virus, bacteria and parasites (such as Giardia and Entamoeba) disrupt intestinal 
barrier function by inducing IEC apoptosis [18,19]. Recent researches showed that exosomes and exosome- 
delivered miR-153 from T. spiralis larvae induce apoptosis and compromise the integrity of intestinal epithelial barrier 
[20,21]. Our previous findings indicated that T. spiralis ESP disrupted intestinal epithelial barrier and promoted larval inva-
sion by inducing cell apoptosis [22], but the relationship between gut epithelial apoptosis and barrier integrity in T. spiralis 
infection remains unclear, and the role and mechanism of gut epithelial apoptosis in disrupting gut epithelial integrity and 
mediating larval invasion have not been elucidated.

Our previous results of GST pull-down assay and mass spectrometry showed that rTsSPc was capable of binding with 
phosphoglycerate mutase family member 5 (PGAM5) in Caco-2 cells, PGAM5 is a critical molecule involved in necrosis, 
apoptosis, and autophagy and participates in cell apoptosis [17,23]. The results suggested that rTsSPc might be involved 
in gut epithelial apoptosis and regulated the tight junctions (TJs) expression, thereby damaged gut epithelial integrity 
through binding PGAM5 receptor in gut epithelium. In this study, to further validate the interaction between rTsSPc and 
PGAM5, the IFT co-localization, GST pull-down, and co-immunoprecipitation (Co-IP) assays were used to investigate and 
verify the binding and interaction between rTsSPc and PGAM5, and the effect of their interaction on gut epithelial integrity.

Therefore, the main objective of this study was to investigate whether TsSPc induces gut epithelial apoptosis, disrupts 
epithelial integrity and promotes larval invasion during T. spiralis infection, and further identify the key protein molecules 
involved in the apoptosis process. Our findings will not only offer valuable insights into the invasion mechanism and patho-
genesis of T. spiralis, but also provide new strategies for prevention and control of T. spiralis infection.

Materials and methods

Ethics statement

This study was conducted in accordance with the National Guidelines for Laboratory Animal Welfare (Ministry of Science 
and Technology, People’s Republic of China, 2006). All animal experimental procedures in this study were authorized by 
the Life Science Ethics Committee of Zhengzhou University (No. ZZUIRB GZR 2023–1379).
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Parasite and animals

The parasite used in this study was Trichinella spiralis (ISS534), which was isolated from naturally infected pigs in Henan 
Province of China and passaged in 6–8 weeks old BALB/c mice [24], and the mice were provided by the Experimental 
Animal Center of Zhengzhou University, Henan Province, China.

Preparation of recombinant TsSPc protein and anti-rTsSPc serum

In our previous study, full-length TsSPc cDNA sequence was cloned into pQE-80L to construct recombinant expression 
plasmid pQE-80L/TsSPc [6]. The pQE-80L/TsSPc were expressed in E. coli BL21(DE3) (Novagen, USA) under induc-
tion of 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sangon Biotech, China) for 6 h at 37°C and purified by a 
Ni-NTA-Sefinose resin that allows purifications of the rTsSPc protein containing his tags (Sangon Biotech, China). Finally, 
rTsSPc was refolded by dialysis and renatured methods as previous reports in our laboratory. Briefly, the denatured 
rTsSPc in supernatant was refolded by sequential dialysis against buffer C (55 mM Tris-HCl, pH 8.2, 264 mM NaCl, 11 
mM KCl, 0.055% PEG 3350, 8 M urea) and then against buffers with decreasing urea concentrations (8 M, 4 M, 2 M, 1 
M, 0 M), each for 3 h at 4°C. After urea removal, disulfide bond formation was favored by adding 1 mM reduced and 5 
mM oxidized glutathione, followed by dialysis for 3 h at 4°C. Finally, the solution was dialyzed against buffer D (50 mM 
Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM CaCl

2
), centrifuged to remove any precipitated protein, and stored at 4°C [6,25]. 

Moreover, three enzyme active sites at 83 aa (His), 139 aa (Asp) and 229 aa (Ser) of TsSPc were mutated to inactive 
amino acid (Ala), according to the results of predicted 3-dimensional structure of TsSPc protein in our previous reports, 
the mutant rTsSPc (MTsSPc) was expressed and purified in our laboratory [6]. The enzymatic activity of rTsSPc and the 
inactivity of MTsSPc were confirmed by using the substrate BAEE in our laboratory [6].

To perform the GST pull-down assay, the rTsSPc with a GST tag expressed from pGEX-4T-1/TsSPc was also prepared. 
The pGEX-4T-1/TsSPc was expressed in E. coli Origami (Novagen, USA), induced with 0.5 mM IPTG for 3 d at 16°C and 
purified with GST-Sefinose Resin 4FF (Settled Resin) (Sangon Biotech, China). rTsSPc protein concentration was deter-
mined by the Bradford method and aliquoted and stored at -80°C [17].

The anti-rTsSPc serum was obtained as described before [6]. In brief, fifteen BALB/c mice were each subcutaneously 
immunized with 20 μg of rTsSPc emulsified in complete Freund’s adjuvant, and subsequently received two booster immu-
nizations with 20 μg of rTsSPc emulsified in incomplete Freund’s adjuvant at 2-week intervals. Two weeks after the final 
immunization, tail blood was collected from the immunized mice to prepare anti-rTsSPc serum.

Cell culture

Human colorectal adenocarcinoma cell line (Caco-2 cells) was purchased from Cell Resource Center of Shanghai Insti-
tute of Biological Sciences, Chinese Academy of Sciences [26]. Caco-2 cells in passage 30–35 were grown in 25 cm2 cell 
culture-flasks (NEST, China) and cultured with DMEM medium (Servicebio, China) containing 10% fetal bovine serum 
(FBS, Viva cell Bioscience, China), 100 μM non-essential amino acids (Solarbio, China), 100 µg/ml streptomycin and 100 
U/ml penicillin at 37°C under 5% CO

2
 [27].

Assay of cell viability and apoptosis

The endotoxin in the rTsSPc protein was removed using a Protein Endotoxin Removal Kit (Beyotime, China) and the 
endotoxin concentration were tested by Chromogenic LAL Endotoxin Assay Kit (Xiamen Bioendo Technology, China) [28]. 
The results indicated that the endotoxin levels of rTsSPc proteins solution were < 0.05 EU/ml, suggesting a minimal influ-
ence on the cell viability, TEER and FD-4 permeability of Caco-2 monolayers [29]. To assess the rTsSPc effect on Caco-2 
cell viability, cell counting kit 8 (CCK-8) assay (Targetmol, USA) was performed as previous work [30]. In brief, 3000 
cells/100 μl/well were seeded in a 96 well-plate and cultured for 24 h. Then the cells were treated with 100 μl/ well DMEM 
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containing 20 μg/ml rTsSPc as the rTsSPc group and cultured at 37°C under 5% CO
2
; meanwhile, the DMEM medium in 

which rTsSPc was replaced by PBS was used as the PBS group [17]. After being incubated for 0, 3, 6, 12, 24 and 48 h, 
10 μl/well CCK-8 solution was added and incubated for another 1 h. The absorbance values were measured with a plate 
reader (SpectraMax i3x, Molecular Devices, USA) at 450 nm. Cell viability = (OD values of rTsSPc group - OD values of 
blank)/ (OD values of PBS group - OD values of blank) ×100% [31].

Additionally, apoptotic cell nucleus was stained with DAPI (Solarbio, China) to observe the morphology changes after 
Caco-2 cells incubated with 20 μg/ml rTsSPc, MTsSPc or heat-inactivated rTsSPc (ΔrTsSPc, heated at 100°C for 10 min) 
for 12 h under a fluorescence microscope (Olympus, Japan) [21].

Furthermore, apoptotic cells were stained by using Terminal dUTP nick-end labeling (TUNEL). Apoptosis Assay Kit 
(Abbkine, China) was used according to the manufacturer’s protocol. Briefly, Caco-2 cells were incubated with 20 μg/ml 
rTsSPc, MTsSPc or ΔrTsSPc for 12 h, fixed with 4% paraformaldehyde and then incubated with TUNEL detection solution 
for 2 h at 37°C in dark. Next, the cell nuclei were stained with DAPI and observed under a fluorescence microscopy.

In addition, apoptotic cells were also observed with fluorescence microscope after Annexin V/PI staining by Annexin 
V-AbFluor 488/PI kit (Abbkine, China) and apoptotic cells with green staining were observed. Meanwhile, apoptosis was 
assessed using flow cytometry with the Annexin V-AbFluor 488/PI kit (Abbkine, China). Briefly, cells were harvested and 
washed twice with cold PBS. Subsequently, the cells were resuspended in 1 × binding buffer at a concentration of 1 × 106 
cells/ml. A total of 100 μl of the cell suspension was transferred to a new tube, and 5 μl of Annexin V-FITC and 2 μl of PI 
were added to the suspension. The cells were gently vortexed and incubated for 15 min at room temperature in the dark. 
After incubation, 400 μl of 1 × binding buffer was added to each tube, and the samples were analyzed by flow cytometry 
(FACScan; BD Biosciences, San Jose, CA) within 1 h. Data were analyzed using FlowJo software (Tree Star, USA). The 
percentage of apoptotic cells was determined by the sum of early apoptotic cells (Annexin V-FITC + /PI-) and late apoptotic 
cells (Annexin V-FITC + /PI+) [22].

Quantitative real-time PCR (qPCR)

qPCR was performed to evaluate the relative mRNA expression of the related genes as previous studies [30,32]. The spe-
cific primer sequences for detecting target genes were synthesized by Sangon Biotech as shown in Table 1. After Caco-2 
cells were incubated with 20 μg/ml rTsSPc, MTsSPc or ΔrTsSPc for 12 h, total RNAs of Caco-2 cells were extracted by 
TRIzol reagent (Sangon Biotech, China) and reverse-transcribed into cDNA according to the manufacturer’s protocol of 
PrimeScript RT reagent Kit (Servicebio, China). qPCR assay was carried out with Applied Biosystems 7500 Fast System 
(Life Technologies, USA) as previously reported. In brief, the cDNA amplification protocol consisted of an initial pre- 
conditioning step at 95°C for 30 sec, followed by 40 cycles of amplification (denaturation at 95°C for 30 sec, annealing at 
60°C for 30 sec, and extension at 72°C for 20 sec). The cycle threshold (Ct) values for the genes were determined using 
the Applied Biosystems 7500 Fast System [33]. The GAPDH was used as an internal control and the results were calcu-
lated according to 2−ΔΔCt method [34].

Western blotting

To investigate the effect of rTsSPc on the expression of apoptosis proteins in intestinal epithelial cells, Western blotting 
assay was performed as reported previously [35,36]. After being treated with 20 μg/ml rTsSPc, MTsSPc or ΔrTsSPc for 
12 h, Caco-2 cellular soluble proteins were extracted by RIPA buffer. Protein samples were resolved on 12% Tris-Glycine 
gels and separated by SDS-PAGE, transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, USA). The 
membranes were blocked with 5% skim milk dissolved in TBST (Tris-buffered saline containing 0.05% Tween 20) for 1 
h at room temperature, cut into strips which were incubated overnight at 4°C with primary antibodies against: Tubulin 
(1:5000, Abmart, China), cl-Caspase 3 and Caspase 3 (1:500, Abmart, China), cl-Caspase 8 and Caspase 8 (1:5000, Pro-
teintech, China), cl-Caspase 9 and Caspase 9 (1:5000, Proteintech, China), cl-PARP and PARP (1:500, Abmart, China), 
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Bcl-2 (1:500, Abmart, China), Bax (1:1000, Abmart, China), Cytochrome C (1:1000, Abways, China), PGAM5 (1:100, 
Santa cruz, USA), ZO-1 (1:1000, Servicebio, China), E-cadherin (E-cad, 1:20000, Abcam, UK), Occludin (2 μg/ml, Invi-
trogen, USA), and Claudin-1 (2 μg/ml, Invitrogen, USA). After washing with TBST three times, the strips were incubated 
with secondary antibodies (goat anti-rabbit or anti-mouse IgG-HRP, 1:10000, Sangon biotech, China) for 1 h at room 
temperature. After washing with TBST, the strips were probed by a chemiluminescence image system (Tanon, China) 
using enhanced chemiluminescence (ECL) reagent (Meilunbio, China). The intensities of protein bands were quantified by 
ImageJ software and normalized using Tubulin as an internal control, as tubulin as a major cytoskeletal protein remains 
unchanged in experimental manipulations, it provides a stable baseline for accurate quantification of protein expression 
levels of target genes [11,37,38].

Measurement of trans-epithelial electrical resistance (TEER) and paracellular permeability of Caco-2 monolayer

The IIL ESP disrupted intestinal epithelial barrier integrity via inducing cell apoptosis [22]. TsSPc in IIL surface proteins 
and ESP has been confirmed to be capable of disrupting gut epithelial barrier [17], suggesting that TsSPc might induce 
gut epithelial apoptosis which involved in the destruction of gut epithelial integrity and barrier functions. To confirm this 
hypothesis, an apoptosis inhibitor Z-VAD-FMK was used to pretreat Caco-2 cells for inhibiting apoptosis, and then the 
monolayer barrier integrity was assayed after rTsSPc treatment.

Table 1.  Specific primer sequences of human gut epithelial TJs and apoptosis-related genes for qPCR.

Gene names Primer Sequence (5′-3′) GenBank no.

Caspase 3 Forward GAAATTGTGGAATTGATGCGTGA NM_001354777.2

Reverse CTACAACGATCCCCTCTGAAAAA

Caspase 8 Forward TTTCTGCCTACAGGGTCATGC NM_001080124.2

Reverse TGTCCAACTTTCCTTCTCCCA

Caspase 9 Forward GTTTGAGGACCTTCGACCAGCT NM_001229.5

Reverse CAACGTACCAGGAGCCACTCTT

PARP Forward CGGAGTCTTCGGATAAGCTCT NM_001618.4

Reverse TTTCCATCAAACATGGGCGAC

Cytochrome c Forward ATGAAGTGTTCCCAGTGCCA NM_018947.6

Reverse CTCTCCCCAGATGATGCCTTTG

Bax Forward TCAGGATGCGTCCACCAAGAAG NM_001291428.2

Reverse TGTGTCCACGGCGGCAATCATC

Bcl-2 Forward ATCGCCCTGTGGATGACTGAGT NM_000633.3

Reverse GCCAGGAGAAATCAAACAGAGGC

ZO-1 Forward CGGTCCTCTGAGCCTGTAAG NM_001330239.4

Reverse GGATCTACATGCGACGACAA

E-cadherin Forward GCCTCCTGAAAAGAGAGTGGAAG NM_131820.1

Reverse TGGCAGTGTCTCTCCAAATCCG

Occludin Forward ATGGCAAAGTGAATGACAAGCGG XM_026274194.1

Reverse CTGTAACGAGGCTGCCTGAAGT

Claudin-1 Forward GTCTTTGACTCCTTGCTGAATCTG NM_021101.5

Reverse CACCTCATCGTCTTCCAAGCAC

PGAM5 Forward TCGTCCATTCGTCTATGACGC NM_001170543.2

Reverse GGCTTCCAATGAGACACGG

GAPDH Forward TGTGTCCGTCGTGGATCTGA NM_002046.7

Reverse TTGCTGTTGAAGTCGCAGGAG

https://doi.org/10.1371/journal.pntd.0013680.t001

https://doi.org/10.1371/journal.pntd.0013680.t001
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Caco-2 cells were grown on a trans-well insert (0.4 μm pore size, 6.5 mm diameter, BIOFIL, China). The TEER of 
Caco-2 monolayer was monitored by a Millicell-ERS volt-ohmmeter (Millipore, USA). TEER = (measured value - blank 
value) × film bottom area. When the resistance was above 300 Ω·cm2, Caco-2 monolayer was pretreated with 120 μM 
Z-VAD-FMK (APE × BIO, USA), an apoptosis inhibitor for 1 h [39,40]. Then, 20 μg/ml rTsSPc was added into the insert. 
After incubation for 18 h, the TEER was measured again. TEER value was normalized to its initial value before treatment 
and expressed as TEER (%) [41,42].

Caco-2 monolayer paracellular permeability was assessed using FITC-dextran (MW: 4 kDa, FD-4, Sigma, USA). 
Caco-2 cells were cultured on trans-well inserts. After pretreating with 120 μM Z-VAD-FMK for 1 h, 2 μM LFHP-1c (a 
PGAM5 inhibitor) for 9 h or 2 μM LFHP-1c for 9 h + 120 μM Z-VAD-FMK for 1 h at 37°C, then 20 μg/ml rTsSPc was added 
into the inserts and incubated for 18 h [43]. Then 0.5 mg/ml FD-4 dissolved in DMEM medium were added into the apical 
side of the monolayers [44]. Meanwhile, medium without FD-4 was added to the basal chamber and incubated at 37°C 
for 2 h [45,46]. The DMEM medium in the basal chamber was collected and the absorbance value at 485 nm-520 nm was 
examined by a microplate reader (Molecular Devices, USA) [26].

Immunofluorescence test (IFT)

Caco-2 cells grown on glass coverslips to confluence were pretreated with 120 μM Z-VAD-FMK for 1 h, 2 μM LFHP-1c (a 
PGAM5 inhibitor) for 9 h or 2 μM LFHP-1c for 9 h + 120 μM Z-VAD-FMK for 1 h at 37°C and then incubated with 20 μg/
ml rTsSPc for another 12 h. After washing with PBS, the cell monolayers were fixed in 4% paraformaldehyde at room 
temperature for 30 min and permeabilized with 0.25% (v/v) Triton X-100 at room temperature for 10 min. After washing 
with PBS, the monolayers were blocked with 1% bovine serum albumin (BSA) for 1 h at 37°C. Then coverslips were 
incubated with primary antibodies against the TJs diluted in 1% BSA overnight at 4°C: ZO-1 (1:500, Servicebio, China), 
E-cad (1:500, Abcam, UK), Occludin (1:100, Invitrogen, USA) and Claudin-1 (1:100, Invitrogen, USA). Following washes 
with PBS, the coverslips were incubated with CY-3-labeled anti-rabbit antibody (1:100, Servicebio, China) for 1 h at 37°C 
in dark, following by a DAPI for nucleus staining at room temperature for 10 min. The coverslips were mounted on glass 
slides and subjected to be observed and imaged under a fluorescence microscopy (Olympus, Japan) as reported previ-
ously [47]. The fluorescence intensities were quantitated by ImageJ software [26].

IFT co-localization analysis of rTsSPc and PGAM5

Caco-2 cells grown on a glass slides were treated with 20 μg/ml rTsSPc and IIL ESP for 12 h at 37°C and fixed with 4% 
paraformaldehyde at room temperature for 30 min, followed by permeabilization with 0.25% (v/v) Triton X-100 at room 
temperature for 10 min. After washing with PBS, the Caco-2 monolayers were blocked with 1% BSA for 1 h at 37°C. Sub-
sequently, the monolayers were incubated with primary antibodies: anti-rTsSPc serum (1:10) and anti-PGAM5 antibody 
(1:100, Abmart, China) overnight at 4°C. And then, the monolayers were incubated with secondary antibodies: CY3- 
labeled goat anti-rabbit IgG and Fluor-488-labeled goat anti-mouse IgG at 37°C in the dark for 1 h. The nuclei were coun-
terstained with DAPI, and the slides were mounted with 30% glycerol. Finally, the cells were observed and imaged under 
a fluorescence microscope [5,34].

GST pull-down assay

To confirm the binding and interaction of rTsSPc and PGAM5 in Caco-2 cells, a GST pull-down assay was carried out 
as reported previously [17]. In brief, GST-rTsSPc and GST tag protein (negative control) was firstly immobilized to GSH 
resins through co-incubating for 2 h at 4°C, the GSH resins was washed by binding buffer (140 mM NaCl, 10 mM KCl, 
4.2 mM Na

2
HPO

4
 and 2 mM KH

2
PO

4
), and then resuspended in binding buffer. The Caco-2 cell lysates extracted by RIPA 

buffer was co-incubated with GST-rTsSPc and GST tag protein immobilized to GST resins for 2 h at 4°C, after washes by 
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binding buffer. The protein samples were separated by SDS-PAGE with 12% Tris-Glycine gels, and transferred onto PVDF 
membranes. For Western blot analysis, primary antibodies used included anti-PGAM5 antibody (1:100, Santa cruz, USA), 
anti-rTsSPc serum (at 1:100 dilution, prepared in our laboratory) and anti-GST antibody (1:1000, Servicebio, China), and 
incubated with membranes at 4°C overnight. Secondary antibodies were HRP-conjugated goat anti-rabbit IgG and goat 
anti-mouse IgG (both at 1:10,000 dilution, Sangon biotech, China). The membranes were incubated at 37°C for 1 hour, 
washed with TBST for three times, and then colored with enhanced chemiluminescence (ECL) reagent (Meilunbio, China) 
to visualize the reactive bands [34].

Co-IP assay

Caco-2 cells were treated with 20 μg/ml rTsSPc for 12 h at 37°C and subsequently lysed in cell lysis buffer containing 
30 mM Tris-HCl (pH 7.4), 150 mM NaCl and 1% Triton X-100, supplemented with protease inhibitor cocktail (PMS-
F+E-64 + pepstatin+leupeptin+aprotinin+ bestatin) which was premixed by the supplier (Sangon Biotech, China). The 
lysate was then subjected to immunoprecipitation using Protein A/G beads (Santacruz, USA) coated with anti-rTsSPc 
serum at 4°C overnight. Immune complexes were detected on Western blotting with an anti-PGAM5 antibody (1:100, 
Santa cruz, USA) and anti-rTsSPc serum (1:100) [48].

siRNA synthesis and transfection

The siRNAs consisting of siPGAM5 (human) and scramble siRNA (negative control for siRNA, NC-siRNA) were  
synthesized by Sangon biotech (Shanghai, China). The sequences were as follows: siPGAM5 (sense): 5′-CUGUGCAG 
UAUUACGAAGA (dT)(dT)-3′, antisense: 5′-UCUUCGUAAUACUGCACAG (dT) (dT)-3′ [49]; NC-siRNA: 5′-UUCU 
CCGAACGUGUCACGU (dT) (dT)-3′, antisense: ACGUGACACGUUCGGAGA A(dT) (dT). The 200 nM siRNA and 
NC-siRNA were transfected into Caco-2 cells grown on a 6-well cell culture plate using RNATransMate (Sangon, China) 
as manufacturer’s protocol, the medium was changed after incubation for 6 h, incubated for 48 h and stimulated with 20 
μg/ml rTsSPc for 12 h.

The in vitro larval invasion assay

To investigate the effect of inhibiting PGAM5 and apoptosis on T. spiralis invasion of intestinal epithelium, an in vitro 
larval invasion assay was conducted as previously described [50,51]. Muscle larvae (ML) were isolated from infected 
muscle tissue of mice infected with T. spiralis at 42 days post infection by artificial digestion using 1% pepsin (1:3000) 
and 1% hydrochloric acid diluted in saline, then activated to the IIL by incubation at 37°C for 2 h with 5% porcine bile 
obtained from a slaughter house and diluted in saline. Caco-2 monolayers were first pretreated with siPAGM5, Z-VAD-
FMK (an apoptosis inhibitor) and LFHP-1c (a PGAM5 receptor inhibitor which can bind to PGAM5 and inhibit the activity 
of PGAM5), followed by incubating with or without rTsSPc, and then 100 IIL suspended in a 1.75% agarose mixed with 
RPMI-1640 medium were added and incubated for 2 h at 37°C. The number of larvae invaded into the monolayer was 
observed and numbered under the light microscope (Olympus, Japan). The invaded larvae exhibited the snake-like move-
ment and migrated within the monolayer; whereas non-invaded larvae showed spirally coiled on the surface of the cell 
monolayer, and three replicate wells were used per condition [27,33].

Statistical analysis

In this study, GraphPad Prism 8 was utilized for data analysis, with results depicted as means ± standard deviation (SD). 
For statistical comparisons, two-tailed Student’s t-tests or one-way ANOVA was applied, contingent upon verifying normal 
distribution and homogeneity of variances. In instances where these assumptions were not satisfied, we resorted to the 
Mann-Whitney U test and Brown-Forsythe test. Statistical significance was set at a P value threshold of less than 0.05.
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Results

rTsSPc induced Caco-2 cell apoptosis

The CCK-8 assay was performed to examine the effect of rTsSPc on cell viability. The results are shown in Fig 1A. When 
Caco-2 cells were treated with 20 μg/ml rTsSPc for 3, 6, 12, 24 and 48 h, the cell viability was 100.75% (P > 0.05), 96.1% 
(P < 0.001), 86.42% (P < 0.0001), 85.62% (P < 0.0001), and 73.37% (P < 0.0001), respectively. These results suggested 
that rTsSPc significantly decreased the cell activity. Therefore, 20 μg/ml rTsSPc was used to incubate with Caco-2 cells 
for 12 h in subsequent experiments. After treatment with rTsSPc for 12 h, the nuclei of Caco-2 cells were stained by DAPI 
and exhibited condensation, lobulation and fragmentation, indicating that Caco-2 cell apoptosis occurred. To investigate 
the relationship between rTsSPc pro-apoptotic effect and its enzymatic activity, we also observed the nuclear morphology 
of Caco-2 cells treated with the rTsSPc with enzymatic site mutation (MTsSPc) and heat-inactivated rTsSPc (ΔrTsSPc) 
(Fig 1B). The results revealed that in both MTsSPc and ΔrTsSPc groups, the cell nuclear morphology was normal, sug-
gesting that the rTsSPc pro-apoptotic effect on Caco-2 cells is dependent on its enzymatic activity. Furthermore, the 
nuclei of apoptotic Caco-2 cells treated with rTsSPc were stained green fluorescence by TUNEL assay; whereas normal 
Caco-2 cells did not exhibit green fluorescence when Caco-2 cells were treated with MTsSPc or ΔrTsSPc (Fig 1C). These 
results further confirmed that rTsSPc-induced Caco-2 apoptosis and the rTsSPc pro-apoptotic effect was dependent of 
its enzymatic activity. To further investigate rTsSPc-induced apoptosis, rTsSPc-incubated Caco-2 cells were also stained 
by Annexin V and PI kit, and observed (Fig 1D). Flow cytometry was subsequently served to assess the apoptosis rate 
of the cells. The apoptosis rate in the rTsSPc group was significantly increased by 25.28% compared with the PBS group 
(t = 9.05, P < 0.0001). But in the MTsSPc and ΔrTsSPc groups, the cell apoptosis rate had no significant changes compared 
with the PBS group (t

MTsSPc
 = 1.58, P > 0.05; t

ΔrTsSPc
 = 1.15, P > 0.05) (Fig 1E). These results further confirmed that rTsSPc 

induced Caco-2 cell apoptosis and the rTsSPc pro-apoptotic effect was dependent on the rTsSPc enzymatic activity.
To further observe the influence of rTsSPc on mRNA and proteins expression levels of apoptosis genes in Caco-2 cells, 

qPCR and Western blotting were performed. qPCR results showed that rTsSPc significantly increased the mRNA level of 
Caspase 3, Caspase 8, Caspase 9, Cytochrome c, and the pro-apoptotic gene Bax in Caco-2 cells by increasing to 0.25, 
0.23, 0.29, 0.30 and 0.17 fold of the PBS group, respectively, (t

Caspase 3
 = 4.64, t

Caspase 8
 = 6.85, t

Caspase 9
 = 13.35, t

Cytochrome c 
= 19.98, 

t
Bax

 = 4.463, P < 0.01). The transcription level of anti-apoptotic gene Bcl-2 was also increased to 0.43 fold of the PBS group 
(t

Bcl-2
 = 11.83, P < 0.0001). However, the transcription level of PARP showed no significant change compared to the PBS group 

(P > 0.05). The transcription levels of Caspase 9, Cytochrome c and Bcl-2 in the MTsSPc group were obviously increased 
compared to the PBS group (P < 0.05), but transcription levels of Caspase 3, Caspase 8 and Bax have no significant change. 
In contrast, the mRNA level of these genes in ΔrTsSPc group had no significant change compared to the PBS group (Fig 1F). 
These results indicated that rTsSPc up-regulated the transcription levels of apoptosis-related genes in Caco-2 cells.

Western blot results showed that compared to the PBS group, treatment of Caco-2 cells with rTsSPc significantly 
increased the protein expression levels of apoptosis-related molecules. Specifically, the expression levels of Caspase 3 
and its cleaved form cl-Caspase 3, the cleaved Caspase 8 (cl-Caspase 8), the cleaved Caspase 9 (cl-Caspase 9), the 
pro-apoptotic molecules Bax and Cytochrome c, as well as PARP and its cleaved form cl-PARP, were increased respec-
tively to 0.27, 0.66, 0.35, 0.33, 0.50, 6.28, 0.29 and 1.26 fold of the PBS group (t

Caspase 3
 = 3.58, P < 0.05; t

cl-Caspase 3
 = 9.43, 

P < 0.001; t
cl-Caspase 8

 = 3.18, P < 0.05; t
cl-Caspase 9

 = 3.25, P < 0.05, t
Bax

 = 7.32, P < 0.05; t
Cytochrome c

 = 7.46, P < 0.01; t
PARP

 = 4.63, 
P < 0.01; t

cl-PARP
 = 4.73, P < 0.01). Conversely, the expression level of anti-apoptotic protein Bcl-2 was decreased to 0.66 

fold of the PBS group (t
Bcl-2

 = 4.45, P < 0.05). Notably, rTsSPc had no significant effect on the expression levels of Caspase 
8 and Caspase 9 (P > 0.05). The effects of MTsSPc and ΔrTsSPc on expression levels of apoptosis-related proteins were 
not statistically significant compared to the PBS group (P > 0.05) (Fig 1G). Therefore, the results of both mRNA and protein 
expression levels collectively indicated that rTsSPc upregulated and activated the expression of pro-apoptotic molecules, 
while downregulating and inhibiting the expression of anti-apoptotic molecules, thereby activated the apoptosis pathway 
and induced Caco-2 cell apoptosis.
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Fig 1.  rTsSPc induced Caco-2 cell apoptosis. A: Viability of Caco-2 cells incubated with 20 μg/ml rTsSPc for 0, 3, 6, 12, 24 and 48 h. B: Caco-2 cell 
nuclear morphology stained by DAPI (blue), white arrows indicating the broken nuclei of apoptotic cells, scale bar: 50 μm. C: TUNEL staining of Caco-2 
cells, the apoptotic cells were stained green, scale bar: 20 μm. D: Annexin V-AbFlour488 (green) and PI (red) staining of Caco-2 cells for apoptosis 
detection via a fluorescence microscope, scale bar: 100 μm. E: Flow cytometry for the apoptosis rate of Caco-2 cells. F: qPCR analysis of mRNA 
expression of apoptosis genes of Caco-2 cells. G: Western blotting of apoptosis protein expression of Caco-2 cells. MTsSPc: rTsSPc with enzymatic 
active site mutation. ΔrTsSPc: heating inactivated rTsSPc at 100°C for 10 min. Data are presented as mean ± SD (n = 3). *P < 0.05 compared to the PBS 
group.

https://doi.org/10.1371/journal.pntd.0013680.g001

https://doi.org/10.1371/journal.pntd.0013680.g001
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Apoptosis inhibitor Z-VAD-FMK protected Caco-2 monolayer integrity from rTsSPc disruption

The results of TEER measurement showed that compared with the PBS group, treatment of Caco-2 cells with rTsSPc led 
to a 39.00% TEER decrease (t = 30.55, P < 0.0001). However, the TEER in the Z-VAD-FMK + rTsSPc group was increased 
by 49.43% compared with the rTsSPc group (t = 34.08, P < 0.0001) (Fig 2A). Meanwhile, the amount of FITC-dextran per-
meated through the cell monolayer to the lower chamber in the rTsSPc group was 8.22 times higher than that in the PBS 
group (t = 37.72, P < 0.0001). Moreover, the permeation of FITC-dextran in the Z-VAD-FMK + rTsSPc group was decreased 
to 0.27 folds of the rTsSPc group (t = 30.59, P < 0.001) (Fig 2B). These results suggested that rTsSPc increased the para-
cellular permeability of Caco-2 monolayer; whereas the apoptosis inhibitor Z-VAD-FMK partially abolished the rTsSPc 
effect and decreased the paracellular permeability.

The IFT results revealed that after co-incubation of Caco-2 monolayers with rTsSPc, the TJs (ZO-1, E-cad, Occludin 
and Claudin-1) exhibited fragmentation and even disappearance among Caco-2 cells (Fig 2C). The expression levels of 
four TJs were significantly reduced compared to the PBS group (P < 0.01). However, after pretreatment with the apoptosis 
inhibitor Z-VAD-FMK, the expression levels of ZO-1, E-cad, Occludin and Claudin-1 in the Z-VAD-FMK + rTsSPc group 
were remarkably increased compared to the rTsSPc group (P < 0.01).

The qPCR results demonstrated that compared to the PBS group, rTsSPc treatment significantly down-regulated 
the mRNA expression levels of ZO-1, E-cad, Occludin and Claudin-1 of Caco-2 monolayer (P

 
< 0.05) (Fig 2D). Notably, 

pre-treatment with the apoptosis inhibitor Z-VAD-FMK significantly increased the mRNA expression levels of these TJs 
proteins in the Z-VAD-FMK + rTsSPc group compared to the rTsSPc group. The mRNA expression levels of ZO-1, E-cad, 
Occludin and Claudin-1 were obviously increased (P < 0.05). These findings suggested that rTsSPc down-regulated sig-
nificantly the transcriptional levels of TJ genes in Caco-2 cells; whereas apoptosis inhibition by Z-VAD-FMK abolished and 
restored the rTsSPc-down-regulated mRNA expression levels of ZO-1, E-cad, Occludin and Claudin-1.

Western blot results revealed that the protein expression levels of ZO-1, E-cad, Occludin and Claudin-1 in rTsSPc-
treated Caco-2 monolayers were significantly reduced compared to the PBS group (P < 0.05) (Fig 2E). However, pre- 
treatment with apoptosis inhibitor Z-VAD-FMK significantly increased the expression levels of ZO-1, E-cad, Occludin and 
Claudin-1 in the Z-VAD-FMK + rTsSPc group compared to the rTsSPc group (P < 0.05).

These above results indicated that rTsSPc increased paracellular permeability, down-regulated the expression levels 
of TJs (ZO-1, E-cad, Occludin and Claudin-1), as a result, compromised the barrier function of intestinal epithelial mono-
layer. However, the apoptosis inhibitor Z-VAD-FMK counteracted the rTsSPc-increased paracellular permeability and 
rTsSPc-downregulated the TJs expression. In other words, apoptosis inhibitor suppressed Caco-2 apoptosis and restored 
rTsSPc- disrupted intestinal epithelial integrity.

rTsSPc interacted with PGAM5 in Caco-2 cells and increased its protein expression

The IFT results of rTsSPc and PGAM5 co-localization in Caco-2 cells are shown in Fig 3A. After treatment with rTsSPc 
for 12 h, Caco-2 cells were subjected to immunofluorescence staining with anti-rTsSPc serum and anti-PGAM5 antibody. 
The results revealed that rTsSPc exhibited green fluorescence, PGAM5 exhibited red fluorescence, and the cell nuclei 
showed blue fluorescence. After image overlay analysis, the co-localization of rTsSPc and PGAM5 was observed in the 
cytoplasm, appearing as yellow fluorescence. This finding suggested the specific binding and interaction between rTsSPc 
and PGAM5.

To further confirm the direct binding between rTsSPc and PGAM5 in Caco-2 cells, GST pull-down and Western blotting 
assay were carried out. As shown in Fig 3B, when rTsSPc was conjugated to GST beads and subsequently incubated 
with soluble Caco-2 cell proteins, PGAM5 was successfully pulled down. In contrast, the GST tag alone failed to pull 
down PGAM5 from the cell lysates. These results indicated that rTsSPc interacted directly with PGAM5. Furthermore, 
Co-IP assay was also performed using anti-rTsSPc immune serum and normal mouse IgG to capture PGAM5 in rTsSPc-
treated Caco-2 cell lysate. The results revealed that PGAM5 in Caco-2 cells was captured by anti-rTsSPc serum (Fig 3C). 
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Fig 2.  Apoptosis inhibitor abolished and restored rTsSPc-disrupted Caco-2 monolayer barrier integrity. Caco-2 cells were pretreated with 120 
μM Z-VAD-FMK for 1 h and then incubated with 20 μg/ml rTsSPc for another 12 h. A: Z-VAD-FMK pretreatment increased the rTsSPc-reduced TEER 
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Fig 3.  rTsSPc interacted with PGAM5 and increased its protein expression in Caco-2 cells. A: IFT analysis of co-localization of rTsSPc and 
PGAM5. After treatment with rTsSPc for 12 h, Caco-2 cells were probed overnight with primary antibodies (anti-PGAM5 antibody, anti-rTsSPc serum, 
infection serum or pre-immune serum). The cells were subsequently incubated with secondary antibodies (goat anti-mouse IgG conjugated to Flour 
488 and goat anti-rabbit IgG conjugated to CY-3). Cell nuclei were stained with DAPI. PGAM5 was labeled red, rTsSPc was exhibited green, and nuclei 
were stained blue. Scale bar: 20 μm. B: GST pull-down and Western blotting of binding between rTsSPc and PGAM5. Lane 1: GST-rTsSPc + Caco-2 
cell lysate; lane 2: GST tag protein + Caco-2 cell lysate; lane 3: Input of GST-rTsSPc protein; lane 4: Input of GST tag protein; lane 5: Input of PGAM5 
from Caco-2 cell lysate. C: Co-IP and Western blotting of interaction between rTsSPc and PGAM5 in Caco-2 in natural condition. After co-incubation of 
Caco-2 cells with rTsSPc, cell lysates were collected and incubated overnight with Protein A/G beads and anti-rTsSPc immune serum or normal mouse 
IgG. Subsequently, Western blotting was performed using antibodies against PGAM5. rTsSPc: Co-IP complex (rTsSPc, anti-rTsSPc immune serum and 
cell lysates from Caco-2 incubated with rTsSPc); IgG: normal mouse IgG; Input: the cell lysates from Caco-2 incubated with rTsSPc. D: Western blotting 
of expression of PGAM5 in Caco-2 cells. Data are presented as mean ± SD (n = 3). *P < 0.05 compared to the PBS group.

https://doi.org/10.1371/journal.pntd.0013680.g003

of Caco-2 monolayer. B: Z-VAD-FMK pretreatment decreased the rTsSPc-increased FD-4 flux. C: IFT analysis of TJs proteins expression of Caco-2 
monolayer. Up: images, Down: quantitative analysis of fluorescence intensities. Scale bar: 20 μm. D: qPCR analysis of TJs mRNA expression of Caco-2 
cells normalized to DAPDH. E: Western blotting analysis of TJs protein expression of Caco-2 cells. Data are presented as mean ± SD (n = 3). *P < 0.05 
compared to the PBS group, #P < 0.05 compared to the only rTsSPc group.

https://doi.org/10.1371/journal.pntd.0013680.g002

https://doi.org/10.1371/journal.pntd.0013680.g003
https://doi.org/10.1371/journal.pntd.0013680.g002
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In contrast, normal mouse IgG failed to capture PGAM5. In addition, Western blotting showed that rTsSPc significantly 
increased the PGAM5 expression in Caco-2 cells by 0.15 fold, compared with PBS group (Fig 3D). These findings indi-
cated that rTsSPc was bound directly with PGAM5 and up-regulated its expression in Caco-2 cells.

Knockdown of PGAM5 alleviated the rTsSPc-disrupted intestinal epithelial barrier

To evaluate the effect of PGAM5 on the rTsSPc disrupting Caco-2 monolayer barrier function, siRNA transfection technology 
was used to knockdown PGAM5 in Caco-2 cells which were then incubated with rTsSPc, followed by measuring Caco-2 
monolayer barrier integrity. The knockdown efficiency of PGAM5 in Caco-2 cells by siRNA transfection was confirmed by 
qPCR and Western blotting, the results revealed that siPGAM5 effectively decreased the mRNA and protein expression to 
respectively 0.52 fold (t = 31.98, P < 0.001) and 0.67 fold (t = 3.66, P < 0.05) of NC-siRNA group (Fig 4A and 4B).

The barrier function of PGAM5-knockdown Caco-2 monolayer cultured with siPGAM5 and further incubated with 
rTsSPc was ascertained by using TEER and FD-4 flux. As shown in Fig 4C, compared with the NC-siRNA group, rTsSPc 
treatment led to a 34.76% decrease of TEER (t = 24.26, P < 0.0001). However, when cells were transfected with siPGAM5 
and subsequently treated with rTsSPc (e.g., the siPGAM5 + rTsSPc group), the TEER was increased by 23.70% compared 
to the only rTsSPc group (t = 8.424, P < 0.01). Furthermore, the amount of FITC-dextran permeated through the cell mono-
layer to the lower chamber in rTsSPc group was 7.47 fold higher than that of the NC-siRNA group (t = 141.224, P < 0.0001). 
In contrast, the permeation of FITC-dextran in the siPGAM5 + rTsSPc group was decreased to 0.42 fold of rTsSPc group 
(t = 52.57, P < 0.0001) (Fig 4D). These results indicated that rTsSPc increased paracellular permeability, while knockdown 
of PGAM5 gene in Caco-2 cells partially counteracted and reduced the rTsSPc-increased paracellular permeability.

To evaluate the role of PGAM5 in rTsSPc down-regulating the expression of TJs (ZO-1, E-cad, Occludin and  
Claudin-1), IFT, qPCR and Western blotting were performed. The IFT results showed that the expressions of ZO-1, E-cad, 
Occludin and Claudin-1 in rTsSPc group were obviously reduced compared to the NC-siRNA group (P < 0.05). However, in 
siPGAM5 + rTsSPc group, the expression levels of ZO-1, E-cad, Occludin and Claudin-1 were significantly increased, com-
pared to the individual rTsSPc group (P < 0.05) (Fig 4E). These findings demonstrated that rTsSPc significantly decreased 
the expression of TJs (ZO-1, E-cad, Occludin and Claudin-1) in intestinal epithelia; whereas knockdown of PGAM5 par-
tially abolished and restored the rTsSPc-reduced TJs expression.

Additionally, the qPCR results were presented in Fig 4F. Following treatment with rTsSPc, the mRNA expression 
levels of ZO-1, E-cad, Occludin and Claudin-1 in Caco-2 cells were evidently downregulated, compared to NC-siRNA 
group (P < 0.05). Conversely, in siPGAM5 + rTsSPc group, transcriptional levels of ZO-1, E-cad, Occludin and Claudin-1 
were significantly increased, compared to only rTsSPc group (P < 0.05). These findings demonstrated that rTsSPc down-
regulated the mRNA levels of ZO-1, E-cad, Occludin and Claudin-1 in gut epithelia, while knockdown of PGAM5 gene 
effectively prevented rTsSPc from downregulating the transcription level of the TJs genes. Western blotting revealed that 
rTsSPc significantly reduced the expression of the TJs (ZO-1, E-cad, Occludin and Claudin-1), compared to the NC-siRNA 
group (P < 0.05). In contrast, in siPGAM5 + rTsSPc group, the expression levels of ZO-1, E-cad, Occludin and Claudin-1 
were significantly restored and increased, compared to rTsSPc alone group (P < 0.05) (Fig 4G). These results suggested 
that rTsSPc obviously down-regulated the mRNA and protein expressions of the TJs in gut mucosal epithelium; whereas 
PGAM5 knockdown counteracted and restored rTsSPc-reduced the TJs expression.

Overall, these findings confirmed that rTsSPc disrupted intestinal epithelial integrity and barrier function by interacting 
with PGAM5, and further testified the crucial role of PGAM5 in rTsSPc disrupting intestinal epithelial integrity.

Inhibitors of PGAM5 and apoptosis relieved rTsSPc-disrupted gut epithelial integrity

After Caco-2 cells were pretreated by PGAM5 receptor inhibitor LFHP-1c or LFHP-1c + an apoptosis inhibitor Z-VAD-FMK, 
then incubated with rTsSPc, The TEER measurement revealed that rTsSPc significantly decreased the TEER of Caco-2 
monolayer compared to the PBS group (t = 31.24, P < 0.0001) (Fig 5A). However, pretreatment with the PGAM5 inhibitor 
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Fig 4.  PGAM5 knockdown prevented rTsSPc from disrupting Caco-2 monolayer integrity. The knockdown efficiency of PGAM5 in Caco-2 cells 
by siPGAM5 transfection was confirmed by qPCR (A) and Western blotting analysis (B). PGAM5 knockdown significantly inhibited rTsSPc-induced 
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LFHP-1c and LFHP-1c + an apoptosis inhibitor Z-VAD-FMK, then incubation with rTsSPc distinctly increased the TEER by 
34.11% (t = 13.61, P < 0.0001) and 52.67% (t = 21.01, P < 0.0001), respectively, compared to the rTsSPc alone group. The 
amount of FD-4 permeated through Caco-2 monolayer to the lower chamber in the rTsSPc group was significantly higher 
than the PBS group (t = 100.1, P < 0.0001) (Fig 5B). After pretreating with LFHP-1c or LFHP-1c + Z-VAD-FMK and rTsSPc, 
the permeation of FD-4 was significantly decreased compared to the rTsSPc group, as decreased by 75% (t = 95.46, 
P < 0.0001) and 89% (t = 113.0, P < 0.0001), respectively. These results indicated that both inhibitors of PGAM5 receptor 
and apoptosis partially abolished and reduced the rTsSPc-increased paracellular permeability.

To investigate the effect of PGAM5 and apoptosis inhibition on the expression of rTsSPc-reduced TJs, the IFT was per-
formed after Caco-2 cells were pretreated with PGAM5 inhibitor LFHP-1c or LFHP-1c+apoptosis inhibitor Z-VAD-FMK, and 
then incubated with rTsSPc. The IFT results showed that rTsSPc significantly reduced the expression of TJs (ZO-1, E-cad, 
Occludin and Claudin-1) in Caco-2 cells compared to the PBS group (P < 0.05). However, pretreatment with LFHP-1c and 
LFHP-1c + Z-VAD-FMK significantly restored the expression levels of ZO-1, E-cad, Occludin and Claudin-1 compared to 
the rTsSPc alone group (F

ZO-1
 = 41.40, P < 0.001; F

E-cad
 = 74.66, P < 0.0001; F

Occludin
 = 25.94, P < 0.01; F

Claudin-1
 = 10.50, P < 0.05). 

However, there was no significantly statistical difference in the TJs expression levels between the LFHP-1c group and the 
LFHP-1c + Z-VAD-FMK group (P > 0.05) (Fig 5C). These findings indicated that rTsSPc decreased the expression levels of 
TJs (ZO-1, E-cad, Occludin and Claudin-1), inhibition of PGAM5 receptor or apoptosis pathway impeded and restored the 
rTsSPc-reduced the expression levels of the TJs proteins

qPCR analysis revealed that after rTsSPc treatment, the mRNA expression of TJs in Caco-2 cells was evidently 
changed. Compared to PBS group, rTsSPc markedly reduced mRNA levels of the TJs ZO-1 (t = 3.16, P < 0.05), E-cad 
(t = 10.75, P < 0.001), Occludin (t = 13.50, P < 0.001) and Claudin-1 (t = 9.63, P < 0.001). Treatment of Caco-2 monolayer 
with PGAM5 inhibitor LFHP-1c or LFHP-1c + an apoptosis inhibitor Z-VAD-FMK substantially mitigated the rTsSPc- 
reduced mRNA levels of TJs (ZO-1, E-cad, Occludin and Claudin-1) (P < 0.05). However, the Claudin-1 mRNA levels in the 
LFHP-1c + rTsSPc group had no significant difference compared to the rTsSPc group (t = 0.85, P > 0.05) (Fig 5D). These 
findings indicated that PGAM5 inhibition, particularly when combined with apoptosis pathway blockade, partially elimi-
nated the rTsSPc-decreased mRNA expression levels of ZO-1, E-cad and Occludin, but LFHP-1c alone could not restore 
the rTsSPc-reduced the Claudin-1 mRNA level; however, when LFHP-1c was used in combination with the apoptosis 
inhibitor Z-VAD-FMK, the Claudin-1 mRNA expression level was partially restored again.

Western blotting indicated that, compared with the PBS group, rTsSPc significantly reduced the protein expres-
sion levels of ZO-1, E-cad, Occludin and Claudin-1 (P < 0.05) (Fig 5E). However, pre-treatment of Caco-2 cells with 
the PGAM5 inhibitor LFHP-1c and LFHP-1c + Z-VAD-FMK following by incubation with rTsSPc obviously increased the 
ZO-1 expression compared to the rTsSPc group (t

LFHP-1c+ rTsSPc
 = 3.09, t

Z-VAD-FMK +LFHP-1c + rTsSPc
 = 2.86, P < 0.05). Similarly, in 

the LFHP-1c + rTsSPc group and LFHP-1c + Z-VAD-FMK + rTsSPc group, the E-cad expression levels were significantly 
up-regulated compared to the only rTsSPc group (t

LFHP-1c+rTsSPc
 = 3.48, t

Z-VAD-FMK+LFHP-1c+ rTsSPc
 = 3.43, P < 0.05). The Occludin 

levels in the LFHP-1c + rTsSPc group and LFHP-1c + Z-VAD-FMK + rTsSPc group was also significantly increased relative 
to the individual rTsSPc group (t

LFHP-1c + rTsSPc
 = 3.91, P < 0.05; t

Z-VAD-FMK + LFHP-1c + rTsSPc
 = 7.16, P < 0.01). Additionally, the  

Claudin-1 expression level of the LFHP-1c + rTsSPc and LFHP-1c + Z-VAD-FMK + rTsSPc groups was remarkably up- 
regulated compared to the only rTsSPc group (t

LFHP-1c + rTsSPc
 = 5.55, t

Z-VAD-FMK + LFHP-1c + rTsSPc
 = 5.14, P < 0.01). However, the 

expression levels of ZO-1, E-cad, Occludin and Claudin-1 had no significant differences between the LFHP-1c + Z-VAD-
FMK + rTsSPc group and the LFHP-1c + rTsSPc group (P > 0.05). These results suggested that the PGAM5 inhibitor 

reduction in TEER (C) and increase in FD-4 flux (D). E: IFT of expression of TJs (ZO-1, E-cad, Occludin and Claudin-1) in Caco-2 cells treated by 
siPGAM5 and/or rTsSPc, scale bar: 20 μm. F: qPCR analysis of transcription level of TJs (ZO-1, E-cad, Occludin and Claudin-1) normalized to GAPDH, 
relative to NC-siRNA group. G: Western blotting of expression of TJs (ZO-1, E-cad, Occludin and Claudin-1) in Caco-2 cells treated by siPGAM5 and/or 
rTsSPc. Data were presented as mean ± SD (n = 3). *P < 0.05 compared to the NC-siRNA group, #P < 0.05 compared to the rTsSPc group.

https://doi.org/10.1371/journal.pntd.0013680.g004

https://doi.org/10.1371/journal.pntd.0013680.g004
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LFHP-1c partially abolished and restored the rTsSPc-decreased expression levels of ZO-1, E-cad, Occludin and Claudin-1 
in Caco-2 monolayers.

The above findings demonstrated that inhibition of the PGAM5 receptor and blocking apoptosis improved and alleviated 
the rTsSPc-disrupted Caco-2 monolayer integrity, and further confirmed that gut epithelial receptor PGAM5 and apoptosis 
were involved in the damage of gut epithelial barrier integrity resulted from rTsSPc.

Inhibition of PGAM5 and cell apoptosis impeded larval invasion

The results of the in vitro larval invasion assay revealed that T. spiralis IIL penetrated the Caco-2 monolayer, migrated 
and left the migratory traces (black arrows) (Fig 6A). The non-invaded larvae were suspended in the medium and coiled 
in a spiral shape on the monolayer surface (Fig 6B). After Caco-2 monolayers were treated with rTsSPc, the larval 
invasion was increased by 55.4% compared to the NC-siRNA group (t = 17.56, P < 0.0001). However, when Caco-2 
cells were transfected with siPGAM5 and then treated with rTsSPc, larval invasion was decreased by 30.9% compared 
to the rTsSPc alone group (t = 17.07, P < 0.0001), indicating that knockdown of PGAM5 counteracted and decreased 
rTsSPc-promoted larval invasion (Fig 6C). Furthermore, after Caco-2 monolayers were incubated with rTsSPc, the 
larval invasion was significantly increased compared to the PBS group (t = 5.15, P < 0.01). However, when Caco-2 cells 
were pretreated with apoptosis inhibitor Z-VAD-FMK, the PGAM5 inhibitor LFHP-1c, or LFHP-1c + Z-VAD-FMK, then 
incubated with rTsSPc, larval invasion was evidently reduced, as demonstrated by a reduction of 17.94% (t = 19.57, 
P < 0.0001), 40.40% (t = 44.05, P < 0.0001), and 49.32% (t = 53.78, P < 0.0001), respectively, compared to the rTsSPc 
alone group. In addition, larval invasion (45.65%) of the LFHP-1c + Z-VAD-FMK + rTsSPc group was lower than 73.92% 
of the Z-VAD-FMK + rTsSPc group (t = 34.03, P < 0.0001) and 53.69% of LFHP-1c + rTsSPc group (t = 9.68, P < 0.001) 
(Fig 6D). These results suggested that inhibition of PGAM5 and apoptosis prevented the rTsSPc promotion on larval 
invasion of Caco-2 monolayer.

In addition, the raw data of Figs 1-6 in this study were shown in S1 Table, the fold changes and statistical results of TJs 
expression levels in the various groups were show in S2–S4 Tables.

Discussion

The hosts have native defensive ability to defend the invasion of exogenous pathogens, including viruses, bacteria and 
parasites. However, these pathogens can dwell in the mammal hosts by inducing host cell apoptosis, thereby achiev-
ing a delicate balance between damaging host cells and their own survival [52–54]. Additionally, the IECs serve as the 
primary physical barrier of the gut and protect against luminal antigens, toxins, and harmful substances [55]. The TJs, as 
vital intercellular structures, play an essential role in maintaining the functional integrity and stability of intestinal epithelial 
barrier [11,56]. The TJ complex is primarily composed of zona occludens proteins (ZOs), Occludin and Claudins [57,58]. 
In addition, E-cad as an important composition of adjacent junctions (AJs) is also involved in maintaining epithelial bar-
rier function [59]. Therefore, in the present study, the expression of several TJs proteins (ZO-1, E-cad, Occludin and 
Claudin-1) was assessed after Caco-2 monolayers were treated by rTsSPc to investigate its effect on the host intestinal 
epithelial barrier.

Fig 5.  Inhibition of PGAM5 and apoptosis alleviated the rTsSPc-damaged Caco-2 monolayer barrier integrity. PGAM5 inhibitor LFHP-1c and an 
apoptosis inhibitor Z-VAD-FMK were used to impede rTsSPc-induced disruption of Caco-2 monolayer barrier function. To inhibit the PGAM5 and cell 
apoptosis, Caco-2 monolayers were pretreated with 2 μM LFHP-1c for 9 h or 2 μM LFHP-1c for 9 h + 120 μM Z-VAD-FMK for 1 h at 37°C, then incubated 
with rTsSPc for 12 h at 37°C. A: The TEER measurement of Caco-2 monolayer treated with inhibitors and rTsSPc. B: The amount of FITC-dextran per-
meated through Caco-2 monolayer incubated with inhibitors and rTsSPc. C: IFT of TJs expression and distribution in Caco-2 monolayer incubated with 
inhibitors and rTsSPc, scale bar: 20 μm. D: qPCR assay of the TJs transcription in Caco-2 monolayers treated with inhibitors and rTsSPc. E: Western 
blotting of TJs expression in Caco-2 monolayers after incubation with inhibitors and rTsSPc. Data were presented as mean ± SD (n = 3). *P < 0.05 com-
pared to the PBS group, #P < 0.05 compared to the rTsSPc alone group.

https://doi.org/10.1371/journal.pntd.0013680.g005

https://doi.org/10.1371/journal.pntd.0013680.g005
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Fig 6.  Inhibition of PGAM5 and apoptosis prevented T. spiralis larval invasion of Caco-2 monolayer. A: A larva invaded the Caco-2 monolayer 
with migratory traces (black arrows), scale bar: 100 μm. B: A non-invasion larva coiled in a spiral shape and suspended in the medium. C: PGAM5 
knockdown of Caco-2 cells abolished and reduced rTsSPc-increased larval invasion. D: Pretreatment of Caco-2 monolayer with apoptosis inhibitor 
Z-VAD-FMK and PGAM5 inhibitor LFHP-1c obviously reduced the rTsSPc-increased larval invasion. Data were presented as mean ± SD (n = 3). *P < 0.05 
compared to the NC-siRNA or PBS, #P < 0.05 compared to the rTsSPc group, ▲P < 0.05 compared to the LFHP-1c + rTsSPc or Z-VAD-FMK + rTsSPc 
group.

https://doi.org/10.1371/journal.pntd.0013680.g006

In this study, we investigated the impact of TsSPc on gut epithelial apoptosis and barrier integrity using in vitro Caco-2 
cell model. Our results demonstrated that rTsSPc significantly reduced Caco-2 cell viability and induced apoptosis by 
using CCK-8, DAPI, TUNEL assays, and Annexin V/PI staining with flow cytometry. Notably, enzymatically inactive mutant 
(MTsSPc) and heat-inactivated rTsSPc failed to induce apoptosis, underscoring the critical role of TsSPc’s enzymatic 
activity in mediating apoptosis. These findings suggested that TsSPc’s pro-apoptotic function is dependent on its enzy-
matic activity, which disrupted gut barrier function and contributed to the invasion and pathogenesis of T. spiralis. Previous 
researches indicated that active serine proteases cleave and activate the PAR2 receptor in cells, triggering the MAPK/
ERK pathway and reducing the expression level of TJs proteins (ZO-1, Occludin, Claudin-1) to impair the epithelial barrier 

https://doi.org/10.1371/journal.pntd.0013680.g006
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[60,61]. In this study, the rTsSPc’s pro-apoptotic role is likely because rTsSPc cleaved and activated the downstream 
signaling molecules, leading to the activation of caspases that ultimately resulted in apoptosis. Our results verified that 
enzymatically inactive mutants (MTsSPc) and heat-inactivated rTsSPc failed to induce apoptosis, further confirming the 
role of rTsSPc’s enzymatic activity in inducing apoptosis.

The apparent contradiction was found between the significant upregulation of Caspase 9, Cytochrome c, and Bcl-2 
mRNA and the lack of pro-apoptotic effects observed in the phenotypic assays induced by MTsSPc. Though engineered 
as an inactive enzyme mutant, MTsSPc may retain slight residual activity. This minimal activity could suffice to boost the 
transcription of apoptosis-linked genes but falls short of initiating the complete apoptotic process seen in phenotypic tests. 
The upregulation of these genes may reflect activation of alternative pathways by MTsSPc that, while not directly inducing 
apoptosis, can still affect key apoptotic regulators. For instance, increased Bcl-2 mRNA could be part of a broader cellular 
stress response or signaling triggered by MTsSPc. Additionally, the elevated mRNA levels of pro-apoptotic genes such 
as Caspase 9 and Cytochrome c, together with Bcl-2, may indicate a cellular compensatory mechanism. The cell may be 
trying to balance pro- and anti-apoptotic factors in response to MTsSPc, without triggering apoptosis. It needs additional 
experiments to investigate the residual activity of MTsSPc and explore the potential involvement of alternative pathways 
for providing a clearer understanding of the underlying mechanisms of the observed discrepancies.

Programmed cell death is mediated by caspases. Apoptotic caspase function is predominantly to initiate and execute 
apoptosis, and categorized into initiator and effector caspases based on their sequential roles in the apoptosis process 
[62,63]. Initiator caspases, such as Caspase 8 and Caspase 9, function as proteolytic signal amplifiers to activate effec-
tor caspases [64,65]. In turn, effector caspases like Caspase 3, proteolytically cleave various cellular proteins at specific 
target sites, thereby promoting apoptosis [66]. Apoptotic caspases are initially synthesized as inactive precursors known 
as procaspases, which are enzymatically inactive zymogens [67]. When cells were stimulated with apoptosis signals, 
the protease effector domain of procaspases (caspase domain) is cleaved into large and small subunits to form com-
plexes for enzymatic activity, thereby regulating apoptosis [68]. In the present study, we investigated the expression of 
apoptosis-related proteins in Caco-2 cells treated with rTsSPc using qPCR and Western blotting. Our results showed that 
rTsSPc significantly increased the mRNA and protein levels of Caspase 3, as well as its cleaved form (cl-Caspase 3). 
Although the protein levels of Caspase 9 and Caspase 8 had no significant change, their cleaved subunits (cl-Caspase 
9 and cl-Caspase 8) were clearly up-regulated, indicating the activation of these apoptosis-related proteins. Additionally, 
rTsSPc cleaved Poly ADP-ribose polymerase (PARP), a downstream substrate of Caspase 3, further confirming Caspase 
3 activation [67] The Bcl-2 protein family, which regulates mitochondrial outer membrane permeabilization and controls the 
release of Cytochrome c, also showed an evident increase in expression level [68]. Specifically, the pro-apoptotic protein 
Bax and Cytochrome c were upregulated, while the anti-apoptotic protein Bcl-2 was downregulated in rTsSPc-treated cells 
[69,70]. These findings demonstrated that rTsSPc activated the apoptosis signaling pathway by upregulating pro-apoptotic 
genes and downregulating anti-apoptotic genes, ultimately inducing gut epithelial cell apoptosis.

However, the rTsSPc increased the Bcl-2 mRNA level; it seemed to be contradictory with the overall conclusion of 
apoptosis induction. But the Bcl-2 protein expression was decreased. The phenomenon suggested that the Bcl-2 pro-
tein may be subject to enhanced degradation. This could be due to the activation of proteolytic pathways, such as the 
ubiquitin-proteasome system, which can selectively degrade anti-apoptotic proteins in response to pro-apoptotic signals. 
In addition, the rTsSPc-induced apoptosis might also activate multiple pro-apoptotic pathways that overrided the com-
pensatory upregulation of Bcl-2 at the mRNA level. The final result is a decrease of Bcl-2 protein expression level, which 
is consistent with the overall apoptotic response observed in this study. To address this concern, additional time-course 
experiments are needed to better understand the temporal dynamics of Bcl-2 and other apoptosis-related genes [71,72].

It has been showed that rTsSPc disrupted intestinal epithelial barrier and down-regulated the TJs expression in vitro [17]. 
However, it remains unclear whether rTsSPc-induced apoptosis disrupts intestinal barrier. Hence, an apoptosis inhibitor, Z-VAD-
FMK, was administered, and then intestinal barrier functions were measured in this study. When Caco-2 cells were pretreated 
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with Z-VAD-FMK, and cell apoptosis was inhibited, the damage of rTsSPc-induced Caco-2 monolayer integrity was alleviated, 
as characterized by an increased TEER, decreased FD-4 flux and up-regulated protein expression levels of TJs including ZO-1, 
E-cad, Occludin and Claudin-1. The results indicated that the apoptosis inhibitor abolished and relieved the rTsSPc-disrupted 
gut epithelial integrity, suggesting that gut epithelial apoptosis was involved in destruction of gut epithelial barrier.

To further characterize the key molecules which participate in rTsSPc-regulating apoptosis and thereby disrupting intes-
tinal epithelial barrier, we further analyzed the results of mass spectrometry of Caco-2 proteins interacted with rTsSPc, 
and found that rTsSPc was capable of binding to phosphoglycerate mutase family member 5 (PGAM5), which is a critical 
molecule involved in necrosis, apoptosis, and autophagy and participates in cell apoptosis [6,23,73,74]. Therefore, the 
IFT co-localization, GST pull-down and Co-IP were performed to verify the binding and interaction of rTsSPc and PGAM5 
in this study. Our results revealed that rTsSPc was specifically bound with PGAM5 both in soluble cellular proteins and 
natural living cells. To investigate the role of PGAM5 in rTsSPc regulating intestinal epithelial barrier, specific siRNA and a 
PGAM5 inhibitor LFHP-1c were employed to block the expression of PGAM5 receptor; the apoptosis inhibitor Z-VAD-FMK 
was used to inhibit intestinal epithelial apoptosis. The results revealed that blockage of PGAM5 prevented rTsSPc disrupt-
ing the Caco-2 monolayer barrier integrity, as demonstrated by the increased TEER, reduced intestinal permeability, and 
up-regulated TJs expression. Intestinal pathogens (including T. spiralis) damaging intestinal epithelial barrier is the adap-
tation mechanism that is favorable for their invasion and survival in hosts [75]. The results of an in vitro larval invasive 
test indicated that rTsSPc promoted larval invasion of gut epithelium, whereas inhibition of PGAM5 receptors and apop-
tosis pathway impeded and suppressed the rTsSPc-mediated larval invasion, further testifying that gut epithelial PGAM5 
receptors and cell apoptosis were involved in T. spiralis intrusion of gut mucosa. Since Z-VAD-FMK is a broad-spectrum 
caspase inhibitor and may modulate the non-apoptotic pathways (e.g., inflammation, pyroptosis), the targeted inhibitor 
(such as Z-DEVD-FMK specific for caspase-3) should be used in future experiments, which will precisely determine the 
specific modulation of caspase-3 to the apoptotic or non-apoptotic pathways.

However, this study still has some limitations. It is known that PGAM5 might also take part in multiple cell death pathways except 
apoptosis, such as pyroptosis, autophagy and necrotic death [73,76]. PGAM5 has been shown to regulate pyroptosis through the 
activation of the NLRP3 inflammasome. Given the inflammatory nature of gut barrier disruption, we hypothesized that PGAM5- 
mediated pyroptosis could contribute to the observed effects. In addition, PGAM5 is also involved in the regulation of autophagy, 
which can influence cell survival and gut barrier integrity [76,77]. Therefore, the potential interplay between PGAM5-regulated auto-
phagy and gut barrier function should be investigated in future study. Besides, whether rTsSPc initiates and activates other cell death 
pathways via interacting with PGAM5 in T. spiralis infection is required to be investigated in the future study. In addition, our results 
indicated that rTsSPc induced cell apoptosis and disrupted the barrier functions of Caco-2 monolayer in vitro, but the in vivo role 
of TsSPc on inducing apoptosis and disrupting gut epithelial barrier in host is also necessary to be further studied. Additionally, the 
immune protection provided by vaccination of mice with rTsSPc against T. spiralis larval challenge also needs to be further evaluated 
[38]. Furthermore, the hierarchical relationship between TsSPc-PGAM5-apoptosis and previously reported MAPK/ERK1/2 activation 
was not clear. In this study, we focused on TsSPc’s role in disrupting intestinal epithelial barrier and promoting larval invasion through 
PGAM5-mediated apoptosis. Although previous research has implicated the MAPK/ERK1/2 pathway in TsSPc-induced barrier dis-
ruption, this study specifically explored the apoptotic pathway regulated by PGAM5, and the results revealed that PGAM5-mediated 
apoptosis significantly contributed to intestinal barrier disruption and larval invasion. The synergistic potential of inhibiting both the 
PGAM5 apoptotic pathway and the MAPK/ERK1/2 pathway needs to be further investigated.

In conclusion, the T. spiralis-secreted TsSPc bound and interacted with PGAM5 receptor in gut epithelial cells, activated 
the apoptosis pathway and induced apoptosis. This interaction reduced the TJs expression levels, thereby compromised 
the integrity of intestinal epithelial barrier in vitro. Additionally, the PGAM5 inhibitor LFHP-1c and the apoptosis inhibitor 
Z-VAD-FMK prevented the disruption of intestinal epithelial barrier caused by rTsSPc. The two inhibitors also suppressed 
T. spiralis larval invasion of Caco-2 monolayer. Our results suggested that apoptosis-induced epithelial cell death created 
the gaps among intestinal epithelial cells, facilitating larval invasion. As the epithelial cells undergo apoptosis, they shrunk 
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and detached from gut epithelium, creating openings and disrupting gut epithelial integrity, as a result, the larvae exploited 
these gaps to penetrate intestinal mucosa. This study indicated that TsSPc participated in T. spiralis invasion of gut epithe-
lium by specifically binding to PGAM5 and inducing apoptosis. These findings are valuable for elucidating the mechanism 
of T. spiralis invasion and provide new strategies for prevention and treatment of trichinellosis. TsSPc might be considered 
as a novel candidate vaccine target to block T. spiralis larval invasion and infection.

Supporting information

S1 Table.  Raw data of Figs 1–6 in this study. 
(XLSX)

S2 Table.  IFT analysis of fluorescence intensity changes of TJs in various groups. 
(DOCX)

S3 Table.  qPCR results of mRNA level changes of TJs gene in various groups. 
(DOCX)

S4 Table.  Western blotting of the proteins expression changes of TJs in various groups. 
(DOCX)

Acknowledgments

We thank Ms. R Zhang and Y Zhang for helping animal experiment in this study.

Author contributions

Conceptualization: Zhong Quan Wang, Jing Cui.

Data curation: Qi Qi Lu.

Funding acquisition: Jing Cui.

Investigation: Qi Qi Lu, Xin Zhuo Zhang, Pei Kun Cong, Jin Yi Wu, Tian Ran Gao, Shao Rong Long, Ruo Dan Liu, Zhong 
Quan Wang, Jing Cui.

Methodology: Zhong Quan Wang, Jing Cui.

Project administration: Zhong Quan Wang, Jing Cui.

Resources: Zhong Quan Wang, Jing Cui.

Supervision: Ruo Dan Liu, Zhong Quan Wang, Jing Cui.

Writing – original draft: Qi Qi Lu, Zhong Quan Wang, Jing Cui.

Writing – review & editing: Qi Qi Lu, Zhong Quan Wang, Jing Cui.

References
	1.	 European Food Safety Authority (EFSA), European Centre for Disease Prevention and Control (ECDC). The European Union One Health 2023 

Zoonoses report. EFSA J. 2024;22(12):e9106. https://doi.org/10.2903/j.efsa.2024.9106 PMID: 39659847

	2.	 Zhang XZ, Wang ZQ, Cui J. Epidemiology of trichinellosis in the People’s Republic of China during 2009-2020. Acta Trop. 2022;229:106388. https://
doi.org/10.1016/j.actatropica.2022.106388 PMID: 35231417

	3.	 Despommier DD. How does Trichinella spiralis make itself at home? Parasitol Today. 1998;14(8):318–23. https://doi.org/10.1016/s0169-
4758(98)01287-3 PMID: 17040798

	4.	 Yue X, Sun XY, Liu F, Hu CX, Bai Y, Da Yang Q, et al. Molecular characterization of a Trichinella spiralis serine proteinase. Vet Res. 2020;51(1):125. 
https://doi.org/10.1186/s13567-020-00847-0 PMID: 32988413

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013680.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013680.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013680.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013680.s004
https://doi.org/10.2903/j.efsa.2024.9106
http://www.ncbi.nlm.nih.gov/pubmed/39659847
https://doi.org/10.1016/j.actatropica.2022.106388
https://doi.org/10.1016/j.actatropica.2022.106388
http://www.ncbi.nlm.nih.gov/pubmed/35231417
https://doi.org/10.1016/s0169-4758(98)01287-3
https://doi.org/10.1016/s0169-4758(98)01287-3
http://www.ncbi.nlm.nih.gov/pubmed/17040798
https://doi.org/10.1186/s13567-020-00847-0
http://www.ncbi.nlm.nih.gov/pubmed/32988413


PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013680  October 30, 2025 23 / 25

	 5.	 Ma KN, Zhang Y, Zhang ZY, Wang BN, Song YY, Han LL, et al. Trichinella spiralis galectin binding to toll-like receptor 4 induces intestinal inflamma-
tion and mediates larval invasion of gut mucosa. Vet Res. 2023;54(1):113. https://doi.org/10.1186/s13567-023-01246-x PMID: 38012694

	 6.	 Song YY, Zhang XZ, Wang BN, Weng MM, Zhang ZY, Guo X, et al. Molecular characterization of a novel serine proteinase from Trichinella spiralis 
and its participation in larval invasion of gut epithelium. PLoS Negl Trop Dis. 2023;17(9):e0011629. https://doi.org/10.1371/journal.pntd.0011629 
PMID: 37695792

	 7.	 Romarís F, Appleton JA. Invasion of epithelial cells by Trichinella spiralis: in vitro observations. Parasite. 2001;8(2 Suppl):S48-50. https://doi.
org/10.1051/parasite/200108s2048 PMID: 11484381

	 8.	 Liu RD, Jiang P, Wen H, Duan JY, Wang LA, Li JF, et al. Screening and characterization of early diagnostic antigens in excretory-secretory proteins 
from Trichinella spiralis intestinal infective larvae by immunoproteomics. Parasitol Res. 2016;115(2):615–22. https://doi.org/10.1007/s00436-015-
4779-2 PMID: 26468148

	 9.	 Bruschi F, Chiumiento L. Immunomodulation in trichinellosis: does Trichinella really escape the host immune system? Endocr Metab Immune Dis-
ord Drug Targets. 2012;12(1):4–15. https://doi.org/10.2174/187153012799279081 PMID: 22214331

	10.	 Sofronic-Milosavljevic L, Ilic N, Pinelli E, Gruden-Movsesijan A. Secretory products of Trichinella spiralis muscle larvae and immunomodulation: 
implication for autoimmune diseases, allergies, and malignancies. J Immunol Res. 2015;2015:523875. https://doi.org/10.1155/2015/523875 PMID: 
26114122

	11.	 Song YY, Lu QQ, Han LL, Yan SW, Zhang XZ, Liu RD, et al. Proteases secreted by Trichinella spiralis intestinal infective larvae damage the junc-
tions of the intestinal epithelial cell monolayer and mediate larval invasion. Vet Res. 2022;53(1):19. https://doi.org/10.1186/s13567-022-01032-1 
PMID: 35255974

	12.	 Wang BN, Zhang XZ, Cong PK, Zheng WW, Wu JY, Long SR, et al. Trichinella spiralis C-type lectin mediates larva invasion of gut mucosa via 
binding to syndecan-1 and damaging epithelial integrity in mice. Int J Biol Macromol. 2024;280(Pt 4):135958. https://doi.org/10.1016/j.ijbio-
mac.2024.135958 PMID: 39322156

	13.	 Yu Y-R, Deng M-J, Lu W-W, Zhang J-S, Jia M-Z, Huang J, et al. Endoplasmic reticulum stress-mediated apoptosis is activated in intestines of mice 
with Trichinella spiralis infection. Exp Parasitol. 2014;145:1–6. https://doi.org/10.1016/j.exppara.2014.06.017 PMID: 24996067

	14.	 Xu J, Pang Z, Zhang J, Xia S, Wang R, Zhang Y, et al. Regulatory effects of Trichinella spiralis and a serine protease inhibitor on the endoplasmic 
reticulum stress response of intestinal epithelial cells. Vet Res. 2022;53(1):18. https://doi.org/10.1186/s13567-022-01036-x PMID: 35241168

	15.	 Mitreva M, Jasmer DP, Zarlenga DS, Wang Z, Abubucker S, Martin J, et al. The draft genome of the parasitic nematode Trichinella spiralis. Nat 
Genet. 2011;43(3):228–35. https://doi.org/10.1038/ng.769 PMID: 21336279

	16.	 Liu RD, Cui J, Liu XL, Jiang P, Sun GG, Zhang X, et al. Comparative proteomic analysis of surface proteins of Trichinella spiralis muscle larvae and 
intestinal infective larvae. Acta Trop. 2015;150:79–86. https://doi.org/10.1016/j.actatropica.2015.07.002 PMID: 26184560

	17.	 Song YY, Zhang XZ, Wang BN, Cheng YK, Guo X, Zhang X, et al. A novel Trichinella spiralis serine proteinase disrupted gut epithelial barrier and 
mediated larval invasion through binding to RACK1 and activating MAPK/ERK1/2 pathway. PLoS Negl Trop Dis. 2024;18(1):e0011872. https://doi.
org/10.1371/journal.pntd.0011872 PMID: 38190388

	18.	 Rawal S, Majumdar S, Vohra H. Activation of MAPK kinase pathway by Gal/GalNAc adherence lectin of E. histolytica: gateway to host response. 
Mol Cell Biochem. 2005;268(1–2):93–101. https://doi.org/10.1007/s11010-005-3698-4 PMID: 15724442

	19.	 Troeger H, Epple H-J, Schneider T, Wahnschaffe U, Ullrich R, Burchard G-D, et al. Effect of chronic Giardia lamblia infection on epithelial transport 
and barrier function in human duodenum. Gut. 2007;56(3):328–35. https://doi.org/10.1136/gut.2006.100198 PMID: 16935925

	20.	 Wang R, Lin L, Han Y, Li Z, Zhen J, Zhang Y, et al. Exosome-delivered miR-153 from Trichinella spiralis promotes apoptosis of intestinal epithelial 
cells by downregulating Bcl2. Vet Res. 2023;54(1):52. https://doi.org/10.1186/s13567-023-01186-6 PMID: 37381058

	21.	 Wang R, Zhang Y, Zhen J, Zhang J, Pang Z, Song X, et al. Effects of exosomes derived from Trichinella spiralis infective larvae on intestinal epi-
thelial barrier function. Vet Res. 2022;53(1):87. https://doi.org/10.1186/s13567-022-01108-y PMID: 36273217

	22.	 Lu QQ, Zheng WW, Zhang ZY, Cong PK, Guo X, Zhang Y, et al. Trichinella spiralis excretory/secretory proteins mediated larval invasion via induc-
ing gut epithelial apoptosis and barrier disruption. PLoS Negl Trop Dis. 2025;19(1):e0012842. https://doi.org/10.1371/journal.pntd.0012842 PMID: 
39847596

	23.	 Cheng M, Lin N, Dong D, Ma J, Su J, Sun L. PGAM5: A crucial role in mitochondrial dynamics and programmed cell death. Eur J Cell Biol. 
2021;100(1):151144. https://doi.org/10.1016/j.ejcb.2020.151144 PMID: 33370650

	24.	 Lei JJ, Hu YY, Liu F, Yan SW, Liu RD, Long SR, et al. Molecular cloning and characterization of a novel peptidase from Trichinella spiralis and pro-
tective immunity elicited by the peptidase in BALB/c mice. Vet Res. 2020;51(1):111. https://doi.org/10.1186/s13567-020-00838-1 PMID: 32891183

	25.	 Carretas-Valdez MI, Cinco-Moroyoqui FJ, Ezquerra-Brauer MJ, Marquez-Rios E, Quintero-Reyes IE, Lopez-Zavala AA, et al. Refolding and Activa-
tion from Bacterial Inclusion Bodies of Trypsin I from Sardine (Sardinops sagax caerulea). Protein Pept Lett. 2019;26(3):170–5. https://doi.org/10.2
174/0929866525666181019161114 PMID: 30338728

	26.	 Han LL, Lu QQ, Zheng WW, Li YL, Song YY, Zhang XZ, et al. A novel trypsin of Trichinella spiralis mediates larval invasion of gut epithelium via 
binding to PAR2 and activating ERK1/2 pathway. PLoS Negl Trop Dis. 2024;18(1):e0011874. https://doi.org/10.1371/journal.pntd.0011874 PMID: 
38166153

	27.	 Cheng YK, Zhang Y, Zhang ZY, Cong PK, Feng JY, Zhang R, et al. Biological characteristics and functions of a novel glutamate dehydrogenase 
from Trichinella spiralis. Parasite. 2024;31:65. https://doi.org/10.1051/parasite/2024065 PMID: 39465975

https://doi.org/10.1186/s13567-023-01246-x
http://www.ncbi.nlm.nih.gov/pubmed/38012694
https://doi.org/10.1371/journal.pntd.0011629
http://www.ncbi.nlm.nih.gov/pubmed/37695792
https://doi.org/10.1051/parasite/200108s2048
https://doi.org/10.1051/parasite/200108s2048
http://www.ncbi.nlm.nih.gov/pubmed/11484381
https://doi.org/10.1007/s00436-015-4779-2
https://doi.org/10.1007/s00436-015-4779-2
http://www.ncbi.nlm.nih.gov/pubmed/26468148
https://doi.org/10.2174/187153012799279081
http://www.ncbi.nlm.nih.gov/pubmed/22214331
https://doi.org/10.1155/2015/523875
http://www.ncbi.nlm.nih.gov/pubmed/26114122
https://doi.org/10.1186/s13567-022-01032-1
http://www.ncbi.nlm.nih.gov/pubmed/35255974
https://doi.org/10.1016/j.ijbiomac.2024.135958
https://doi.org/10.1016/j.ijbiomac.2024.135958
http://www.ncbi.nlm.nih.gov/pubmed/39322156
https://doi.org/10.1016/j.exppara.2014.06.017
http://www.ncbi.nlm.nih.gov/pubmed/24996067
https://doi.org/10.1186/s13567-022-01036-x
http://www.ncbi.nlm.nih.gov/pubmed/35241168
https://doi.org/10.1038/ng.769
http://www.ncbi.nlm.nih.gov/pubmed/21336279
https://doi.org/10.1016/j.actatropica.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26184560
https://doi.org/10.1371/journal.pntd.0011872
https://doi.org/10.1371/journal.pntd.0011872
http://www.ncbi.nlm.nih.gov/pubmed/38190388
https://doi.org/10.1007/s11010-005-3698-4
http://www.ncbi.nlm.nih.gov/pubmed/15724442
https://doi.org/10.1136/gut.2006.100198
http://www.ncbi.nlm.nih.gov/pubmed/16935925
https://doi.org/10.1186/s13567-023-01186-6
http://www.ncbi.nlm.nih.gov/pubmed/37381058
https://doi.org/10.1186/s13567-022-01108-y
http://www.ncbi.nlm.nih.gov/pubmed/36273217
https://doi.org/10.1371/journal.pntd.0012842
http://www.ncbi.nlm.nih.gov/pubmed/39847596
https://doi.org/10.1016/j.ejcb.2020.151144
http://www.ncbi.nlm.nih.gov/pubmed/33370650
https://doi.org/10.1186/s13567-020-00838-1
http://www.ncbi.nlm.nih.gov/pubmed/32891183
https://doi.org/10.2174/0929866525666181019161114
https://doi.org/10.2174/0929866525666181019161114
http://www.ncbi.nlm.nih.gov/pubmed/30338728
https://doi.org/10.1371/journal.pntd.0011874
http://www.ncbi.nlm.nih.gov/pubmed/38166153
https://doi.org/10.1051/parasite/2024065
http://www.ncbi.nlm.nih.gov/pubmed/39465975


PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013680  October 30, 2025 24 / 25

	28.	 Liu RD, Meng XY, Le Li C, Xu QY, Lin XZ, Dong BR, et al. Trichinella spiralis cathepsin L induces macrophage M1 polarization via the NF-κB 
pathway and enhances the ADCC killing of newborn larvae. Parasit Vectors. 2023;16(1):433. https://doi.org/10.1186/s13071-023-06051-1 PMID: 
37993938

	29.	 Sakamoto K, Jin S-P, Goel S, Jo J-H, Voisin B, Kim D, et al. Disruption of the endopeptidase ADAM10-Notch signaling axis leads to skin dysbiosis 
and innate lymphoid cell-mediated hair follicle destruction. Immunity. 2021;54(10):2321–2337.e10. https://doi.org/10.1016/j.immuni.2021.09.001 
PMID: 34582748

	30.	 Yan SW, Cheng YK, Lu QQ, Zhang R, Dan Liu R, Long SR, et al. Characterization of a novel dipeptidyl peptidase 1 of Trichinella spiralis and its 
participation in larval invasion. Acta Trop. 2024;249:107076. https://doi.org/10.1016/j.actatropica.2023.107076 PMID: 37977254

	31.	 Yan SW, Zhang R, Guo X, Wang BN, Long SR, Liu RD, et al. Trichinella spiralis dipeptidyl peptidase 1 suppressed macrophage cytotoxicity by 
promoting M2 polarization via the STAT6/PPARγ pathway. Vet Res. 2023;54(1):77. https://doi.org/10.1186/s13567-023-01209-2 PMID: 37705099

	32.	 Xu YXY, Zhang XZ, Weng MM, Cheng YK, Liu RD, Long SR, et al. Oral immunization of mice with recombinant Lactobacillus plantarum express-
ing a Trichinella spiralis galectin induces an immune protection against larval challenge. Parasit Vectors. 2022;15(1):475. https://doi.org/10.1186/
s13071-022-05597-w PMID: 36539832

	33.	 Hao HN, Song YY, Ma KN, Wang BN, Long SR, Liu RD, et al. A novel C-type lectin from Trichinella spiralis mediates larval invasion of host intesti-
nal epithelial cells. Vet Res. 2022;53(1):85. https://doi.org/10.1186/s13567-022-01104-2 PMID: 36258242

	34.	 Wang Z, Lu QQ, Weng MM, Li YL, Han LL, Song YY, et al. Binding of Trichinella spiralis C-type lectin with syndecan-1 on intestinal epithelial cells 
mediates larval invasion of intestinal epithelium. Vet Res. 2023;54(1):86. https://doi.org/10.1186/s13567-023-01217-2 PMID: 37784173

	35.	 Guo KX, Bai Y, Ren HN, Sun XY, Song YY, Liu RD, et al. Characterization of a Trichinella spiralis aminopeptidase and its participation in invasion, 
development and fecundity. Vet Res. 2020;51(1):78. https://doi.org/10.1186/s13567-020-00805-w PMID: 32539772

	36.	 Han LL, Lu QQ, Li YL, Zheng WW, Ren P, Liu RD, et al. Application of a recombinant novel trypsin from Trichinella spiralis for serodiagnosis of 
trichinellosis. Parasit Vectors. 2024;17(1):9. https://doi.org/10.1186/s13071-023-06067-7 PMID: 38178167

	37.	 Liu RD, Meng XY, Li CL, Lin XZ, Xu QY, Xu H, et al. Trichinella spiralis cathepsin L damages the tight junctions of intestinal epithelial cells and 
mediates larval invasion. PLoS Negl Trop Dis. 2023;17(12):e0011816. https://doi.org/10.1371/journal.pntd.0011816 PMID: 38048314

	38.	 Wang BN, Zhang XZ, Wu JY, Zhang ZY, Cong PK, Zheng WW, et al. Vaccination of mice with Trichinella spiralis C-type lectin elicited the protective 
immunity and enhanced gut epithelial barrier function. PLoS Negl Trop Dis. 2025;19(1):e0012825. https://doi.org/10.1371/journal.pntd.0012825 
PMID: 39841790

	39.	 Justo P, Sanz AB, Egido J, Ortiz A. 3,4-Dideoxyglucosone-3-ene induces apoptosis in renal tubular epithelial cells. Diabetes. 2005;54(8):2424–9. 
https://doi.org/10.2337/diabetes.54.8.2424 PMID: 16046310

	40.	 Kim I-W, Lee JH, Kwon Y-N, Yun E-Y, Nam S-H, Ahn M-Y, et al. Anticancer activity of a synthetic peptide derived from harmoniasin, an antibacterial 
peptide from the ladybug Harmonia axyridis. Int J Oncol. 2013;43(2):622–8. https://doi.org/10.3892/ijo.2013.1973 PMID: 23732481

	41.	 Putt KK, Pei R, White HM, Bolling BW. Yogurt inhibits intestinal barrier dysfunction in Caco-2 cells by increasing tight junctions. Food Funct. 
2017;8(1):406–14. https://doi.org/10.1039/c6fo01592a PMID: 28091645

	42.	 Li C, Bai X, Liu X, Zhang Y, Liu L, Zhang L, et al. Disruption of epithelial barrier of Caco-2 Cell monolayers by excretory secretory products of Trich-
inella spiralis might be related to serine protease. Front Microbiol. 2021;12:634185. https://doi.org/10.3389/fmicb.2021.634185 PMID: 33815318

	43.	 Gao C, Xu Y, Liang Z, Wang Y, Shang Q, Zhang S, et al. A novel PGAM5 inhibitor LFHP-1c protects blood-brain barrier integrity in ischemic stroke. 
Acta Pharm Sin B. 2021;11(7):1867–84. https://doi.org/10.1016/j.apsb.2021.01.008 PMID: 34386325

	44.	 Valdez JC, Cho J, Bolling BW. Aronia berry inhibits disruption of Caco-2 intestinal barrier function. Arch Biochem Biophys. 2020;688:108409. 
https://doi.org/10.1016/j.abb.2020.108409 PMID: 32464089

	45.	 O’Hara JR, Feener TD, Fischer CD, Buret AG. Campylobacter jejuni disrupts protective Toll-like receptor 9 signaling in colonic epithelial cells and 
increases the severity of dextran sulfate sodium-induced colitis in mice. Infect Immun. 2012;80(4):1563–71. https://doi.org/10.1128/IAI.06066-11 
PMID: 22311925

	46.	 Cuellar P, Hernández-Nava E, García-Rivera G, Chávez-Munguía B, Schnoor M, Betanzos A, et al. Entamoeba histolytica EhCP112 dislocates 
and degrades Claudin-1 and Claudin-2 at tight junctions of the intestinal epithelium. Front Cell Infect Microbiol. 2017;7:372. https://doi.org/10.3389/
fcimb.2017.00372 PMID: 28861400

	47.	 Ren HN, Bai SJ, Wang Z, Han LL, Yan SW, Jiang P, et al. A metalloproteinase Tsdpy31 from Trichinella spiralis participates in larval molting and 
development. Int J Biol Macromol. 2021;192:883–94. https://doi.org/10.1016/j.ijbiomac.2021.10.021 PMID: 34656542

	48.	 Evans IM, Paliashvili K. Co-immunoprecipitation assays. Methods Mol Biol. 2022;2475:125–32. https://doi.org/10.1007/978-1-0716-2217-9_8 
PMID: 35451753

	49.	 Liu X, Xu C, Xu L, Li X, Sun H, Xue M, et al. Empagliflozin improves diabetic renal tubular injury by alleviating mitochondrial fission via AMPK/SP1/
PGAM5 pathway. Metabolism. 2020;111:154334. https://doi.org/10.1016/j.metabol.2020.154334 PMID: 32777444

	50.	 ManWarren T, Gagliardo L, Geyer J, McVay C, Pearce-Kelling S, Appleton J. Invasion of intestinal epithelia in vitro by the parasitic nematode Trich-
inella spiralis. Infect Immun. 1997;65(11):4806–12. https://doi.org/10.1128/iai.65.11.4806-4812.1997 PMID: 9353069

	51.	 Li YL, Lu QQ, Zheng WW, Zhang ZY, Wu JY, Wei MH, et al. Biological characteristics of a new long-chain fatty acid transport protein 1 from Trich-
inella spiralis and its participation in lipid metabolism, larval moulting, and development. Vet Res. 2024;55(1):126. https://doi.org/10.1186/s13567-
024-01380-0 PMID: 39350238

https://doi.org/10.1186/s13071-023-06051-1
http://www.ncbi.nlm.nih.gov/pubmed/37993938
https://doi.org/10.1016/j.immuni.2021.09.001
http://www.ncbi.nlm.nih.gov/pubmed/34582748
https://doi.org/10.1016/j.actatropica.2023.107076
http://www.ncbi.nlm.nih.gov/pubmed/37977254
https://doi.org/10.1186/s13567-023-01209-2
http://www.ncbi.nlm.nih.gov/pubmed/37705099
https://doi.org/10.1186/s13071-022-05597-w
https://doi.org/10.1186/s13071-022-05597-w
http://www.ncbi.nlm.nih.gov/pubmed/36539832
https://doi.org/10.1186/s13567-022-01104-2
http://www.ncbi.nlm.nih.gov/pubmed/36258242
https://doi.org/10.1186/s13567-023-01217-2
http://www.ncbi.nlm.nih.gov/pubmed/37784173
https://doi.org/10.1186/s13567-020-00805-w
http://www.ncbi.nlm.nih.gov/pubmed/32539772
https://doi.org/10.1186/s13071-023-06067-7
http://www.ncbi.nlm.nih.gov/pubmed/38178167
https://doi.org/10.1371/journal.pntd.0011816
http://www.ncbi.nlm.nih.gov/pubmed/38048314
https://doi.org/10.1371/journal.pntd.0012825
http://www.ncbi.nlm.nih.gov/pubmed/39841790
https://doi.org/10.2337/diabetes.54.8.2424
http://www.ncbi.nlm.nih.gov/pubmed/16046310
https://doi.org/10.3892/ijo.2013.1973
http://www.ncbi.nlm.nih.gov/pubmed/23732481
https://doi.org/10.1039/c6fo01592a
http://www.ncbi.nlm.nih.gov/pubmed/28091645
https://doi.org/10.3389/fmicb.2021.634185
http://www.ncbi.nlm.nih.gov/pubmed/33815318
https://doi.org/10.1016/j.apsb.2021.01.008
http://www.ncbi.nlm.nih.gov/pubmed/34386325
https://doi.org/10.1016/j.abb.2020.108409
http://www.ncbi.nlm.nih.gov/pubmed/32464089
https://doi.org/10.1128/IAI.06066-11
http://www.ncbi.nlm.nih.gov/pubmed/22311925
https://doi.org/10.3389/fcimb.2017.00372
https://doi.org/10.3389/fcimb.2017.00372
http://www.ncbi.nlm.nih.gov/pubmed/28861400
https://doi.org/10.1016/j.ijbiomac.2021.10.021
http://www.ncbi.nlm.nih.gov/pubmed/34656542
https://doi.org/10.1007/978-1-0716-2217-9_8
http://www.ncbi.nlm.nih.gov/pubmed/35451753
https://doi.org/10.1016/j.metabol.2020.154334
http://www.ncbi.nlm.nih.gov/pubmed/32777444
https://doi.org/10.1128/iai.65.11.4806-4812.1997
http://www.ncbi.nlm.nih.gov/pubmed/9353069
https://doi.org/10.1186/s13567-024-01380-0
https://doi.org/10.1186/s13567-024-01380-0
http://www.ncbi.nlm.nih.gov/pubmed/39350238


PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013680  October 30, 2025 25 / 25

	52.	 Buret AG, Bhargava A. Modulatory mechanisms of enterocyte apoptosis by viral, bacterial and parasitic pathogens. Crit Rev Microbiol. 
2014;40(1):1–17. https://doi.org/10.3109/1040841X.2012.746952 PMID: 23297858

	53.	 Bojarski C, Bendfeldt K, Gitter AH, Mankertz J, Fromm M, Wagner S, et al. Apoptosis and intestinal barrier function. Ann N Y Acad Sci. 
2000;915:270–4. https://doi.org/10.1111/j.1749-6632.2000.tb05252.x PMID: 11193586

	54.	 Kapczuk P, Kosik-Bogacka D, Kupnicka P, Metryka E, Simińska D, Rogulska K, et al. The influence of selected gastrointestinal parasites on apop-
tosis in intestinal epithelial cells. Biomolecules. 2020;10(5):674. https://doi.org/10.3390/biom10050674 PMID: 32349424

	55.	 Pitman RS, Blumberg RS. First line of defense: the role of the intestinal epithelium as an active component of the mucosal immune system. J Gas-
troenterol. 2000;35(11):805–14. https://doi.org/10.1007/s005350070017 PMID: 11085489

	56.	 Zeisel MB, Dhawan P, Baumert TF. Tight junction proteins in gastrointestinal and liver disease. Gut. 2019;68(3):547–61. https://doi.org/10.1136/
gutjnl-2018-316906 PMID: 30297438

	57.	 Garcia-Hernandez V, Quiros M, Nusrat A. Intestinal epithelial claudins: expression and regulation in homeostasis and inflammation. Ann N Y Acad 
Sci. 2017;1397(1):66–79. https://doi.org/10.1111/nyas.13360 PMID: 28493289

	58.	 Horowitz A, Chanez-Paredes SD, Haest X, Turner JR. Paracellular permeability and tight junction regulation in gut health and disease. Nat Rev 
Gastroenterol Hepatol. 2023;20(7):417–32. https://doi.org/10.1038/s41575-023-00766-3 PMID: 37186118

	59.	 Zihni C, Mills C, Matter K, Balda MS. Tight junctions: from simple barriers to multifunctional molecular gates. Nat Rev Mol Cell Biol. 
2016;17(9):564–80. https://doi.org/10.1038/nrm.2016.80 PMID: 27353478

	60.	 Du L, Long Y, Kim JJ, Chen B, Zhu Y, Dai N. Protease activated receptor-2 induces immune activation and visceral hypersensitivity in post- 
infectious irritable bowel syndrome mice. Dig Dis Sci. 2019;64(3):729–39. https://doi.org/10.1007/s10620-018-5367-y PMID: 30446929

	61.	 Al-Ani B, Hollenberg MD. Selective tryptic cleavage at the tethered ligand site of the amino terminal domain of proteinase-activated receptor-2 in 
intact cells. J Pharmacol Exp Ther. 2003;304(3):1120–8. https://doi.org/10.1124/jpet.102.043844 PMID: 12604689

	62.	 Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry NA, Wong WW, et al. Human ICE/CED-3 protease nomenclature. Cell. 
1996;87(2):171. https://doi.org/10.1016/s0092-8674(00)81334-3 PMID: 8861900

	63.	 Man SM, Kanneganti T-D. Converging roles of caspases in inflammasome activation, cell death and innate immunity. Nat Rev Immunol. 
2016;16(1):7–21. https://doi.org/10.1038/nri.2015.7 PMID: 26655628

	64.	 Chang DW, Xing Z, Capacio VL, Peter ME, Yang X. Interdimer processing mechanism of procaspase-8 activation. EMBO J. 2003;22(16):4132–42. 
https://doi.org/10.1093/emboj/cdg414 PMID: 12912912

	65.	 Yuan S, Yu X, Asara JM, Heuser JE, Ludtke SJ, Akey CW. The holo-apoptosome: activation of procaspase-9 and interactions with caspase-3. 
Structure. 2011;19(8):1084–96. https://doi.org/10.1016/j.str.2011.07.001 PMID: 21827945

	66.	 Shi Y. Caspase activation: revisiting the induced proximity model. Cell. 2004;117(7):855–8. https://doi.org/10.1016/j.cell.2004.06.007 PMID: 
15210107

	67.	 Yuan J, Ofengeim D. A guide to cell death pathways. Nat Rev Mol Cell Biol. 2024;25(5):379–95. https://doi.org/10.1038/s41580-023-00689-6 
PMID: 38110635

	68.	 Ramirez MLG, Salvesen GS. A primer on caspase mechanisms. Semin Cell Dev Biol. 2018;82:79–85. https://doi.org/10.1016/j.sem-
cdb.2018.01.002 PMID: 29329946

	69.	 Julien O, Wells JA. Caspases and their substrates. Cell Death Differ. 2017;24(8):1380–9. https://doi.org/10.1038/cdd.2017.44 PMID: 28498362

	70.	 Cory S, Adams JM. The Bcl2 family: regulators of the cellular life-or-death switch. Nat Rev Cancer. 2002;2(9):647–56. https://doi.org/10.1038/
nrc883 PMID: 12209154

	71.	 Czabotar PE, Garcia-Saez AJ. Mechanisms of BCL-2 family proteins in mitochondrial apoptosis. Nat Rev Mol Cell Biol. 2023;24(10):732–48. 
https://doi.org/10.1038/s41580-023-00629-4 PMID: 37438560

	72.	 Ke FFS, Vanyai HK, Cowan AD, Delbridge ARD, Whitehead L, Grabow S, et al. Embryogenesis and adult life in the absence of intrinsic apoptosis 
effectors BAX, BAK, and BOK. Cell. 2018;173(5):1217–1230.e17. https://doi.org/10.1016/j.cell.2018.04.036 PMID: 29775594

	73.	 Wang Z, Jiang H, Chen S, Du F, Wang X. The mitochondrial phosphatase PGAM5 functions at the convergence point of multiple necrotic death 
pathways. Cell. 2012;148(1–2):228–43. https://doi.org/10.1016/j.cell.2011.11.030 PMID: 22265414

	74.	 Li J-Y, Sun X-A, Wang X, Yang N-H, Xie H-Y, Guo H-J, et al. PGAM5 exacerbates acute renal injury by initiating mitochondria-dependent apoptosis 
by facilitating mitochondrial cytochrome c release. Acta Pharmacol Sin. 2024;45(1):125–36. https://doi.org/10.1038/s41401-023-01151-1 PMID: 
37684381

	75.	 Coakley G, Harris NL. The intestinal epithelium at the forefront of host-helminth interactions. Trends Parasitol. 2020;36(9):761–72. https://doi.
org/10.1016/j.pt.2020.07.002 PMID: 32713764

	76.	 Zeb A, Choubey V, Gupta R, Kuum M, Safiulina D, Vaarmann A, et al. A novel role of KEAP1/PGAM5 complex: ROS sensor for inducing mitoph-
agy. Redox Biol. 2021;48:102186. https://doi.org/10.1016/j.redox.2021.102186 PMID: 34801863

	77.	 Ganapathy AS, Saha K, Suchanec E, Singh V, Verma A, Yochum G, et al. AP2M1 mediates autophagy-induced CLDN2 (claudin 2) degradation 
through endocytosis and interaction with LC3 and reduces intestinal epithelial tight junction permeability. Autophagy. 2022;18(9):2086–103. https://
doi.org/10.1080/15548627.2021.2016233 PMID: 34964704

https://doi.org/10.3109/1040841X.2012.746952
http://www.ncbi.nlm.nih.gov/pubmed/23297858
https://doi.org/10.1111/j.1749-6632.2000.tb05252.x
http://www.ncbi.nlm.nih.gov/pubmed/11193586
https://doi.org/10.3390/biom10050674
http://www.ncbi.nlm.nih.gov/pubmed/32349424
https://doi.org/10.1007/s005350070017
http://www.ncbi.nlm.nih.gov/pubmed/11085489
https://doi.org/10.1136/gutjnl-2018-316906
https://doi.org/10.1136/gutjnl-2018-316906
http://www.ncbi.nlm.nih.gov/pubmed/30297438
https://doi.org/10.1111/nyas.13360
http://www.ncbi.nlm.nih.gov/pubmed/28493289
https://doi.org/10.1038/s41575-023-00766-3
http://www.ncbi.nlm.nih.gov/pubmed/37186118
https://doi.org/10.1038/nrm.2016.80
http://www.ncbi.nlm.nih.gov/pubmed/27353478
https://doi.org/10.1007/s10620-018-5367-y
http://www.ncbi.nlm.nih.gov/pubmed/30446929
https://doi.org/10.1124/jpet.102.043844
http://www.ncbi.nlm.nih.gov/pubmed/12604689
https://doi.org/10.1016/s0092-8674(00)81334-3
http://www.ncbi.nlm.nih.gov/pubmed/8861900
https://doi.org/10.1038/nri.2015.7
http://www.ncbi.nlm.nih.gov/pubmed/26655628
https://doi.org/10.1093/emboj/cdg414
http://www.ncbi.nlm.nih.gov/pubmed/12912912
https://doi.org/10.1016/j.str.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21827945
https://doi.org/10.1016/j.cell.2004.06.007
http://www.ncbi.nlm.nih.gov/pubmed/15210107
https://doi.org/10.1038/s41580-023-00689-6
http://www.ncbi.nlm.nih.gov/pubmed/38110635
https://doi.org/10.1016/j.semcdb.2018.01.002
https://doi.org/10.1016/j.semcdb.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29329946
https://doi.org/10.1038/cdd.2017.44
http://www.ncbi.nlm.nih.gov/pubmed/28498362
https://doi.org/10.1038/nrc883
https://doi.org/10.1038/nrc883
http://www.ncbi.nlm.nih.gov/pubmed/12209154
https://doi.org/10.1038/s41580-023-00629-4
http://www.ncbi.nlm.nih.gov/pubmed/37438560
https://doi.org/10.1016/j.cell.2018.04.036
http://www.ncbi.nlm.nih.gov/pubmed/29775594
https://doi.org/10.1016/j.cell.2011.11.030
http://www.ncbi.nlm.nih.gov/pubmed/22265414
https://doi.org/10.1038/s41401-023-01151-1
http://www.ncbi.nlm.nih.gov/pubmed/37684381
https://doi.org/10.1016/j.pt.2020.07.002
https://doi.org/10.1016/j.pt.2020.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32713764
https://doi.org/10.1016/j.redox.2021.102186
http://www.ncbi.nlm.nih.gov/pubmed/34801863
https://doi.org/10.1080/15548627.2021.2016233
https://doi.org/10.1080/15548627.2021.2016233
http://www.ncbi.nlm.nih.gov/pubmed/34964704

