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Abstract 

The accumulation of unfolded or misfolded proteins in the endoplasmic reticulum can cause an endoplasmic reticu-
lum stress (ERS) response. If ERS continues or cannot be alleviated, it will cause the production of proapoptotic factors 
and eventually lead to apoptosis. Therefore, this study mainly explored whether Trichinella spiralis Kazal-type serine 
protease inhibitor (TsKaSPI) contributed to the invasion of intestinal epithelial cells during the infectious stage of T. spi-
ralis by regulating ERS. First, in the T. spiralis infection model, H&E staining was used to analyse the damage to jejunum 
tissue, a TUNEL assay was used to examine cell apoptosis, and the expression of ERS-related and apoptosis-related 
molecules was also measured. The results showed that ERS occurred during the intestinal phase of T. spiralis infection, 
while remission began during the cyclic phase. Then, we selected TsKaSPI, one of the important components of T. 
spiralis ES antigens, for in vitro experiments. The results showed that TsKaSPI could induce apoptosis in a porcine small 
intestinal epithelial cell line (IPEC cells) by activating ERS and promote activation of the NF-κB signalling pathway. 
Inhibition experiments confirmed that the occurrence of ERS was accompanied by the activation of NF-κB, and the 
two processes regulated each other. Finally, we conducted in vivo experiments and administered TsKaSPI to mice. 
The results confirmed that TsKaSPI could activate ERS and lead to apoptosis in intestinal epithelial cells. In conclusion, 
T. spiralis infection and TsKaSPI can promote cell apoptosis by activating the ERS response in intestinal epithelial cells 
and activate the NF-κB signalling pathway to promote the occurrence and development of inflammation.
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Introduction
Trichinellosis is a serious foodborne zoonotic parasitic 
disease with a worldwide distribution [1, 2]. Intestinal 
invasion is an important stage of Trichinella spiralis (T. 
spiralis) infection, which determines the occurrence 

and development of the disease [3]. T. spiralis excretion-
secretion (ES) antigens may play key roles in the patho-
genic process [4]. Serine protease inhibitor (SPI), which 
is an important component of ES antigens, can not 
only regulate enzyme activity to interfere with protein 
metabolism but also participate in some important physi-
ological and pathological processes, such as complement 
activation, the inflammatory response and apoptosis 
[5–7]. Piekarska et  al. found that the intestinal stage of 
T. spiralis infection could induce apoptosis in cells in the 
villous lamina propria [8, 9]. Therefore, we hypothesized 
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that T. spiralis SPI (TsSPI) may be involved in intesti-
nal epithelial cell apoptosis induced by T. spiralis infec-
tion, but the specific mechanism remains to be further 
explored.

Endoplasmic reticulum stress (ERS)-mediated apopto-
sis plays a key role in many diseases, such as infectious 
diseases, inflammatory diseases, neurodegenerative dis-
eases, atherosclerosis, diabetes, and cancer [10–14]. In 
recent years, pathogens such as parasites, bacteria and 
viruses, which are important ER stressors, can initiate the 
ERS response [15–20]. Dias-Teixeira et al. [21] found that 
infection with Leishmania amazonensis could induce 
ERS in macrophages. Yu et  al. [22] found that Schisto-
soma japonicum infection could significantly upregu-
late ERS markers in the livers of mice. Wang et  al. [23] 
found that Toxoplasma gondii could induce neural stem 
cell apoptosis through ERS. Although studies of ERS have 
become a hot spot, there have been no relevant studies 
on the relationship between TsSPI and ERS in intestinal 
epithelial cells. Thus, the aim of this study was to analyse 
whether TsSPI regulated the host intestinal inflammatory 
response by regulating ERS-mediated apoptosis signal-
ling during T. spiralis invasion. The results of our work 
will provide insights into the pathogenesis of trichinosis.

Materials and methods
Animals and cells
Specific pathogen-free (SPF) 6–8-week-old female 
BALB/c mice (n = 100 in total) were purchased from 
Harbin Medical University. All animal husbandry and 
experimental procedures were performed in accordance 
with the Chinese Animal Management Ordinance and 
the animal experiment standards approved by the Ani-
mal Management Committee of Northeast Agricultural 
University. All mice had free access to food and water, 
and they were maintained under SPF conditions with 
70 ± 10% humidity and a temperature of 20 ± 2 ℃.

Porcine small intestinal epithelial cells (IPEC-J2 cells) 
were donated by Harbin Veterinary Research Institute.

Parasite and protein preparation
Trichinella spiralis (strain ISS533) was cultured in KM 
mice, and muscle larvae (ML) were isolated from the 
muscles of infected KM mice as previously described 
[24]. The excretory-secretory products of T. spiralis 
ML (MES) were prepared and collected as previously 
described [25–27]. T. spiralis ML were freshly collected 
from mouse muscle on Day 40 post-infection, washed 
three times with physiological saline, and then cul-
tured in RPMI-1640 medium (Meilunbio, China) sup-
plemented with 10% foetal bovine serum (FBS), 100  U/
mL penicillin and 100 U/mL streptomycin (Solarbio, 
China) at 37 ℃, 5%  CO2 for 48 h. The culture supernatant 

containing MES was concentrated by centrifugation, and 
then PEG2000 was used for concentration before the 
solution was filtered through a 0.22-micron syringe filter 
(Merck, Germany).

The pET-30a-TsKaSPI positive expression bacterial 
solution was prepared and stored at −80 ℃ [28]. Then, 
purification was performed by a nickel column and rena-
turation. The protein concentrations of the prepared 
MES and pET-30a-TsKaSPI were determined by bicin-
choninic acid (BCA) assays (Takarabio, China). Endo-
toxin contamination was removed by a ToxOut™ High 
Capacity Endotoxin Removal Kit (GenScriptbio, China).

Experimental infection
To analyse the effect of T. spiralis on ERS in the jejunum, 
each BALB/c mouse was orally infected with 200 infec-
tive T. spiralis ML on Day 0. On Days 3, 7, and 15 post-
infection, six mice were randomly selected and sacrificed. 
The jejunum was collected, and Day 0 was designated the 
uninfected control. Time points were selected according 
to the developmental stage of the worm in the host. Day 3 
and Day 7 were the intestinal phase of T. spiralis; Day 15 
was the stage at which newborn larvae (NBL) migrated in 
the circulatory system and tissue of the host.

Histologic assessment
For histological analysis, a 2 cm long segment of jejunum 
was excised from each mouse, flushed gently with cold 
phosphate buffered saline (PBS), fixed with 10% neutral 
formalin overnight, embedded in paraffin, cut into 5 μm 
sections and stained with haematoxylin and eosin (H&E) 
according to standard procedures. Intestinal pathology 
was evaluated by a single blinded scorer using a validated 
scoring system [29, 30] (Table 1). Villus length and crypt 
depth in the jejunum were measured using Image-Pro 
Plus software.

TUNEL staining
Intestinal epithelial cell apoptosis in the jejunum was 
identified by TUNEL staining according to the manufac-
turer’s instructions [14]. Apoptotic cells (green staining) 
were observed.

Quantitative real‑time PCR
The relative gene expression of PERK, IRE1, ATF6, and 
Bip in jejunum tissues was evaluated by quantitative real-
time PCR (qPCR). Table  2 shows the primer sequences 
used to detect each gene. Total RNA was extracted from 
jejunum tissues using a total RNA extraction kit (Solar-
bio, China). After cDNA was synthesized from total 
RNA using the Prime Script 1st Strand cDNA Synthesis 
Kit (Takara, Japan), qPCR was performed using a Roche 
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Table 1 Histopathological scoring 

Indicators Score

0 1 2 3

Epithelial integrity No change Shedding of < 10 epithelial 
cells per lesion

Shedding of 11–20 epithelial 
cells per lesion

Epithelial ulceration

Central lacteal expansion No change Mild Moderate Profound

leukocyte infiltration < 10 leukocytes 
per field

11–15 leukocytes per field 16–20 leukocytes per field > 20 leukocytes per field

Submucosal oedema No change Mild Moderate Profound

Mucosal hyperaemia None Mild Moderate Severe

Lymphoid necrosis of Peyer’s patches None Mild Moderate Severe

Table 2 Primers of the detected genes 

Primers Sequence Access number Source

β-Actin Forward 5′-GTG ACG TTG ACA TCC GTA AAGA-3′ NM_007393 Mus musculus

Reverse 5′-GCC GGA CTC ATC GTA CTC C-3′

IRE1 Forward 5′-TAA GGA CAA CCC TAC CTA CAC-3′ NM_023913 Mus musculus

Reverse 5′-AAT TCA CGA GCA ATG ACG -3′

PERK Forward 5′-GCA CTT TAG ATG GAC GAA TCGC-3′ NM_010121 Mus musculus

Reverse 5′-GCT GTC GCC ATA TAA GGA AAGG-3′

ATF6 Forward 5′-CGG TCC ACA GAC TCG TGT TC-3′ NM_001081304 Mus musculus

Reverse 5′-GCT GTC GCC ATA TAA GGA AAGG-3′

Bip Forward 5′-GCA TCA CGC CGT CGT ATG T-3′ NM_001163434 Mus musculus

Reverse 5′-ATT CCA AGT ACA TCC GAT GAG-3′

β-Actin Forward 5′-GAC TAC CTC CTG TCT GCT GAG-3′ XM_021086047 Sus scrofa (pig)

Reverse 5′-GGT TTC TGT GCC TCA CTC CC-3′

IRE1 Forward 5′-GCC TCC TGT TAG TGT CCA CC-3′ XM_021086462 Sus scrofa (pig)

Reverse 5′-ACA CTG GCC CTT GGA TGA TG-3′

PERK Forward 5′-GAC TGT GAC TTG GAG GAC GG-3′ XM_003124925 Sus scrofa (pig)

Reverse 5′-AGG CAG TCG GTT CAT TCT GG-3′

ATF6 Forward 5′-ACA GAA ACC ACT AGT ATC AGC AGG -3′ XM_021089515 Sus scrofa (pig)

Reverse 5′-CCT TCT GCG GAT GGC TTC AA-3′

Bip Forward 5′-ACC ACC TAC TCG TGC GTT G-3′ XM_001927795 Sus scrofa (pig)

Reverse 5′-CGT CGA AGA CCG TGT TCT CA-3′

TLR2 Forward 5′-GGT GTG CTG CAA GGT CAA C-3′ NM_213761 Sus scrofa (pig)

Reverse 5′-GAG AAG AAG CCT GAT GGG GG-3′

TLR4 Forward 5′-TGC TTT CTC CGG GTC ACT TC-3′ NM_001113039 Sus scrofa (pig)

Reverse 5′-TTA GGA ACC ACC TGC ACG C-3′

Bcl-2 Forward 5′-GGA TAA CGG AGG CTG GGA TG-3′ XM_021099593 Sus scrofa (pig)

Reverse 5′-TTA TGG CCC AGA TAG GCA CC-3′

Bcl-xL Forward 5′-GGT CGC ATT GTG GCC TTT TT-3′ NM_214285 Sus scrofa (pig)

Reverse 5′-TCC ACA AAA GTG TCC CAG CC-3′

Bax Forward 5′-GCC CTT TTG CTT CAG GGT TTC-3′ XM_003127290 Sus scrofa (pig)

Reverse 5′-CAA TGC GCT TGA GAC ACT CG-3′

Fas Forward 5′-GGG TTC TCC TGT CAC TGG TAT-3′ NM_213839 Sus scrofa (pig)

Reverse 5′-CAG CAT GTT TCC GTT TGC CA-3′
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Light Cycler 480 system. The results were calculated 
using the  2−∆∆Ct method [31].

Western blotting
The jejunum tissues of each group were cut into small 
pieces and weighed. RIPA lysis buffer and 1% PMSF 
(Solarbio, China) were added at a ratio of 150–250 μL of 
lysis buffer per 20 mg of jejunum tissue and then ultra-
sonically lysed. After lysis, the samples were centrifuged 
at 10  000–14  000 ×  g for 3–5  min to obtain the super-
natant. The protein concentration was determined using 
a BCA assay kit (Takarabio, China). A total of 50  µg of 
jejunum protein was boiled with 5× SDS-PAGE sample 
loading buffer (Biosharp, China) and separated using 
SDS-PAGE. The proteins were blotted onto a nitrocellu-
lose filter membrane (Biosharp, China). The membrane 
was placed into blocking buffer (5% nonfat milk) for 2 h 
at room temperature. Subsequently, the membrane was 
incubated with anti-β-actin (1:1000), anti-PERK (1:1500), 
anti-IER1 (1:1500), anti-ATF6 (1:500), anti-Bip (1:1500), 
anti-p-JNK (1:1000), anti-JNK (1:1000), anti-CHOP 
(1:500), and anti-caspase-12 (1:500) (diluted in blocking 
buffer, Wanleibio, China) at 4  °C overnight. After being 
washed three times using PBS with Tween 20 (PBST), the 
membrane was incubated with peroxidase-conjugated 
secondary antibodies diluted in 5% nonfat milk (1:4000) 
on a shaker for 2 h at room temperature. After the mem-
brane was washed three times, ultrasensitive ECL chemi-
luminescence reagent (Meilunbio, China) was added 
to the membrane, and the membrane was exposed. The 
bands were quantified using densitometry and analysed 
with ImageJ.

Cell culture
Single-cell suspensions of IPECs were prepared. Subse-
quently, 1 ×  106/well IPECs in 1 mL of RPMI-1640 con-
taining 10% FBS and 100  U/mL penicillin/streptomycin 
(Meilunbio, China) were cultured in 6-well plates at 
37 ℃ at 5%  CO2 for 24  h in the presence of PBS, tuni-
camycin (Tm, ERS activator) (Meilunbio, China), TsES 
and TsKaSPI. The effects of Tm, TsES, and TsKaSPI on 
cell proliferation were evaluated by a cell counting kit 8 
(CCK8) assay using a spectrophotometer, and the opti-
mal reaction concentrations of Tm, TsES, TsKaSPI and 
IPECs were further determined. Culture supernatants 
were used to examine IL-1β, IL-6, and TNF-α using cor-
responding ELISA kits (ProteLightbio, China) according 
to the manufacturer’s instructions. Moreover, the rela-
tive gene expression of the PERK, IRE1, ATF6, Bip, TLR2, 
TLR4, Fas, Bax, Bcl-xL, and Bcl-2 in IPECs was evaluated 
by qPCR, and the primers for the target genes are shown 
in Table  2. The protein expression of PERK, IERK1, 
ATF6, Bip, p-JNK, JNK, CHOP, caspase-12, NF-κB p65, 

and p-NF-κB p65 in IPECs was determined by West-
ern blotting. Furthermore, an Annexin V-FITC/PI cell 
apoptosis kit (Meilunbio, China) was used to examine 
apoptotic cells by FCM. First, 1 ×  106/mL IPECs were 
incubated with PBS, Tm, TsES, and TsKaSPI individually 
for 24 h, and then the cells were stained with PI and FITC 
to examine apoptotic cells.

Inhibition experiment
To further analyse the key role of TsKaSPI in the mutual 
regulation of ERS and the inflammatory response, we 
conducted ERS inhibition experiments and NF-κB 
inhibition experiments separately. First, we divided 
the cells into the following groups: the IPEC + PBS 
group, IPEC + 4-PBA group, IPEC + TsKaSPI group, 
and IPEC + 4-PBA + TsKaSPI group. 4-PBA (Mei-
lunbio, China) is a selective inhibitor of ERS. In the 
IPEC + 4-PBA + TsKaSPI group, we cultured 1 ×  106/
mL IPECs with 50  μM 4-PBA for 1  h before adding 
TsKaSPI. Then, the protein expression of NF-κB p65 and 
p-NF-κB p65 in IPECs was determined by Western blot-
ting. Culture supernatants were used to examine differ-
ent cytokines using corresponding ELISA kits according 
to the manufacturer’s instructions. Second, we divided 
the cells into the following groups: the IPEC + PBS 
group, IPEC + PDTC group, IPEC + TsKaSPI group, 
and IPEC + PDTC + TsKaSPI group. PDTC (Meilunbio, 
China) is a specific inhibitor of NF-κB activation. In the 
IPEC + PDTC + TsKaSPI group, we cultured 1 ×  106/mL 
IPECs with 10 μM PDTC for 1 h before adding TsKaSPI. 
Then, the protein expression of Bip in IPECs was deter-
mined by Western blotting.

TsKaSPI‑induced ERS responses in mice
Thirty female BALB/c mice were randomly divided 
into 5 groups: the control group, PBS + adjuvant group, 
TsKaSPI primary immunization group, TsKaSPI second-
ary immunization group, and TsKaSPI third immuniza-
tion group. The mice were intraperitoneally injected with 
50 μg of TsKaSPI each time. Then, the mice were sacri-
ficed 3 days after each immunization, and jejunum tissues 
were collected. The relative gene expression of PERK, 
IRE1, ATF6, and Bip in jejunum tissues was evaluated by 
qPCR, and the primers for the target genes are shown in 
Table 2. The protein expression of PERK, IERK1, ATF6, 
Bip, p-JNK, JNK, CHOP, and caspase-12 in jejunum tis-
sues was determined by Western blotting as described 
above.

Statistical analysis
All data are expressed as the mean ± SD. Statistical anal-
ysis was performed using GraphPad Prism 5. ImageJ 
software was used to quantify the band intensities. 
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Differences between groups were assessed by one-way 
analysis of variance (ANOVA) with SPSS 11.5 software. 
P < 0.05 was considered statistically significant.

Results
Effects of T. spiralis infection on intestinal histology
The histological alterations in the jejunum after T. spi-
ralis infection were consistent with the findings of other 
reports [32–34]. Analyses of histopathologic changes 
revealed that infection with T. spiralis caused villus loss. 
Moreover, inflammatory infiltration was observed in 
some regions of the jejunum, and the villus length/crypt 
depth ratio was also increased after infection with T. 

spiralis. These changes peaked on Day 7 post-infection (7 
dpi). Histologic assessment of the jejunum revealed that 
infection with T. spiralis could induce intestinal inflam-
mation, and inflammation was gradually relieved at 15 
dpi (Figure 1).

Trichinella spiralis infection induced intestinal epithelial 
cell apoptosis
TUNEL staining revealed apoptosis in the intestines of 
mice infected with T. spiralis. Compared with that of 
uninfected mice, the jejunum showed an increased num-
ber of apoptotic cells at 3, 7, and 15 dpi, and the ratio of 
apoptotic cells was highest at 7 dpi (Figure 2).

Figure 1 H&E staining to evaluate pathological damage in intestinal tissue. Histopathological sections of the jejunum were collected from 
mice on Days 3, 7, and 15 post-infection (dpi) (A). Villus length (B) and crypt depth of the jejunum were measured using Image-Pro Plus software. 
The ratio of villus length/crypt depth is shown in C, and the intestinal pathology score is shown in D. The data are expressed as the mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001 compared with the 0 dpi group, +P < 0.05, ++P < 0.01, +++P < 0.001 compared with the 3 dpi group, #P < 0.05, 
##P < 0.01, ###P < 0.001 compared with the 7 dpi group.
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Trichinella spiralis infection induced ERS in the jejunum
To analyse the effect of T. spiralis infection on the jeju-
num, the gene transcription levels of ATF6, Bip, IRE1, 
and PERK were measured by qPCR, and the protein 
expression levels of ATF6, Bip, IRE1, PERK, p-JNK, JNK, 
CHOP, and caspase-12 were measured by Western blot-
ting. The results showed that the relative expression of 

ATF6, Bip, IRE1, and PERK was significantly increased 
during the early intestinal stage (3 dpi, 7 dpi) and new-
born larvae (NBL) migration stage (15 dpi) compared to 
that of uninfected mice (Figure  3). The relative expres-
sion of ATF6, BIP, and PERK was highest at 7 dpi, while 
IRE1 expression was highest at 15 dpi compared with 
that in the other groups. ImageJ software was used to 
analyse the grey values of ATF6, Bip, IRE1, PERK, p-JNK, 
JNK, CHOP, and caspase-12 in each group. The results 
showed that the expression of ERS-related proteins and 
apoptosis-related proteins were significantly increased 
at 3, 7, and 15 dpi compared with those in the control 
group (Figure  4). Overall, the transcription and protein 
expression levels of ERS-related and apoptosis-related 
molecules were significantly increased during the early 
intestinal stage and NBL migration stage. Moreover, the 
expression levels gradually decreased during the NBL 
migration stage.

TsKaSPI affected the proliferation of IPECs
The effects of Tm, TsES, and TsKaSPI on cell prolifera-
tion were evaluated by a cell counting kit 8 (CCK8) assay 
using a spectrophotometer. The results showed that as 
a typical ERS inducer, a low dose of Tm could decrease 
the viability of IPECs (Figure 5A). There was no signifi-
cant difference between the group treated with 1 µg/mL 
TsES and the control group (P > 0.05). The proliferation 
of IPECs incubated with 5 (P < 0.01), 15 (P < 0.001), and 

Figure 2 TUNEL analysis of apoptosis in the intestines of mice 
infected with T. spiralis. TUNEL staining in the jejunum of mice 
infected with T. spiralis at 0, 3, 7, and 15 dpi; apoptotic cells are stained 
green (original magnification ×200).

Figure 3 qPCR analysis of the relative expression of ERS‑related proteins in the jejunum. Assays were performed in triplicate, and the data 
are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the 0 dpi group, +P < 0.05, ++P < 0.01, +++P < 0.001 compared with 
the 3 dpi group, #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the 7 dpi group.
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30  µg/mL (P < 0.001) TsES was significantly suppressed 
compared with that of the control group (Figure  5B). 
When 1–3 µg/mL TsKaSPI was used to stimulate IPECs, 
the changes in cell proliferation were not significant. As 
the concentration of TsKaSPI increased to 5–20 µg/mL, 
the viability of IPECs significantly decreased (Figure 5C). 
Therefore, 1  µg/mL Tm, 1  µg/mL TsES, and 3  µg/mL 
TsKaSPI were selected as the working concentrations for 
subsequent experiments.

TsKaSPI induced ERS in IPECs
qPCR was used to examine the gene transcription 
levels of ATF6, Bip, IRE1, and PERK in the control 
(IPEC + PBS) group, IPEC + Tm group, IPEC + TsES 
group and IPEC + TsKaSPI group. The results showed 
that the relative gene expression levels of ATF6, BIP, 

IRE1, and PERK were significantly increased in the 
IPEC + Tm, IPEC + TsES and IPEC + TsKaSPI groups 
compared with the control group (Figure 6).

Western blotting was used to examine the protein 
expression of ATF6, Bip, IRE1, PERK, p-JNK, JNK, 
CHOP, caspase-12, NF-κB p65, and p-NF-κB p65 in 
the control (IPEC + PBS), IPEC + Tm, IPEC + TsES 
and IPEC + TsKaSPI groups, and the grey values of the 
bands were analysed by ImageJ software (Figure 7). The 
expression levels of ATF6, Bip, IRE1, PERK, p-JNK, JNK, 
CHOP, cleaved caspase-12, NF-κB p65, and p-NF-κB 
p65 in the IPEC + Tm, IPEC + TsES and IPEC + TsKaSPI 
groups were significantly increased compared with 
those in the control group. The phosphorylation levels 
of JNK and NF-κB in the IPEC + Tm, IPEC + TsES and 
IPEC + TsKaSPI groups were also significantly higher 

Figure 4 Western blot analysis of ERS‑related proteins and apoptosis‑related proteins in the jejunum. Assays were performed in triplicate, 
and the data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the 0 dpi group.

Figure 5 Tm, TsES, and TsKaSPI affect IPEC proliferation. Proliferation was measured by CCK-8 incorporation after the cells were stimulated 
with Tm (A), TsES (B), and TsKaSPI (C). The  OD450 values were considered the cell proliferation index. The data from 3 independent experiments were 
analysed, and the data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the IPEC + PBS group, +P < 0.05, ++P < 0.01, 
+++P < 0.001 compared with the IPEC + Tm group, #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the IPEC + TsES group.
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than those in the control group. The results showed that 
both TsES and TsKaSPI could cause ERS in IPECs.

TsKaSPI enhanced apoptosis in IPECs
FCM was used to analyse the apoptosis rates of IPECs. 
The results showed that Tm, TsES, and TsKaSPI could 
significantly induce early and late apoptosis in IPECs 
compared with those in the control group (Figure 8A, B).

qPCR was used to analyse changes in the transcrip-
tion levels of TLR2, TLR4, proapoptotic (Fas, Bax) genes 
and antiapoptotic genes (Bcl-xL, Bcl-2). The results are 
shown in Figure  8C. TsES increased the transcription 
levels of TLR2 and TLR4 significantly more than those in 
the control group (P < 0.05), while TsKaSPI did not cause 
significant changes in the transcription levels of TLR2 
or TLR4 (P > 0.05). Moreover, TsES and TsKaSPI signifi-
cantly increased the transcription levels of proapoptotic 
genes and significantly decreased the transcription lev-
els of antiapoptotic genes, and the ratio of Bax/Bcl-2 was 
significantly higher than that in the control group. There-
fore, TsES and TsKaSPI caused apoptosis in IPECs. The 
qPCR results were consistent with the FCM results.

TsKaSPI increased the expression of proinflammatory 
cytokines
The effects of Tm, TsES, and TsKaSPI on cytokine pro-
duction by IPECs were analysed, and the results showed 
that the production of IL-6, IL-1β and TNF-α was 

significantly increased compared with that in the control 
group (Figure 9).

Inhibition experiments confirmed the interaction 
between ERS and inflammatory pathways
To analyse the association between ERS and the NF-κB 
signalling pathway, we used 4-PBA (an ERS-selective 
inhibitor) and PDTC (an NF-κB-specific inhibitor) to 
perform inhibition experiments. First, Western blotting 
was used to examine the expression of Bip in the con-
trol (IPEC + PBS), IPEC + PDTC, IPEC + TsKaSPI, and 
IPEC + PDTC + TsKaSPI groups, and the grey values of 
the bands were analysed by ImageJ software (Figure 10A). 
The expression of Bip in the IPEC + TsKaSPI and 
IPEC + PDTC + TsKaSPI groups was significantly higher 
than that in the control group (P < 0.001), and the expres-
sion level in the IPEC + TsKaSPI group was significantly 
higher than that in the IPEC + PDTC + TsKaSPI group 
(P < 0.01) (Figure 10B). These results showed that inhibit-
ing the NF-κB signalling pathway could inhibit TsKaSPI-
induced ERS.

Similarly, 4-PBA is a selective ERS inhibi-
tor. We used Western blotting to examine the 
expression of NF-κB and p-NF-κB in the control 
(IPEC + PBS), IPEC + 4-PBA, IPEC + TsKaSPI, and 
IPEC + 4-PBA + TsKaSPI groups, and the grey val-
ues of the bands were analysed by ImageJ soft-
ware (Figure  10C). The protein expression of NF-κB 
p65 and p-NF-κB p65 in the IPEC + TsKaSPI and 

Figure 6 qPCR analysis of the relative expression of ERS‑related genes in IPECs treated with Tm, TsES, and TsKaSPI. Assays were performed 
in triplicate, and the data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the IPEC + PBS group, +P < 0.05, 
++P < 0.01, +++P < 0.001 compared with the IPEC + Tm group, #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the IPEC + TsES group.
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IPEC + 4-PBA + TsKaSPI groups was significantly 
higher than that in the control group (P < 0.001), and 
NF-κB p65 and p-NF-κB p65 expression levels in 
the IPEC + TsKaSPI groups were significantly higher 
than those in the IPEC + 4-PBA + TsKaSPI groups 
(P < 0.001). Moreover, the phosphorylation of NF-κB 
showed the same trend (Figure 10D).

Furthermore, ELISA was used to examine the secre-
tion of IL-6, IL-1β, and TNF-α in the cell supernatants 
in the groups. The results showed that there was no sig-
nificant difference between the control group and the 
IPEC + 4-PBA group. Compared with that in the control 
group, the secretion of IL-6, IL-1β, and TNF-α in the 
IPEC + TsKaSPI and IPEC + 4-PBA + TsKaSPI groups 
was significantly increased. Moreover, the secretion lev-
els in the IPEC + TsKaSPI group were significantly higher 
than those in the IPEC + 4-PBA + TsKaSPI group (Fig-
ure 10E). These results showed that TsKaSPI could acti-
vate the NF-κB signalling pathway by inducing ERS, but 
when ERS was inhibited, TsKaSPI could also activate the 
NF-κB signalling pathway in other ways.

TsKaSPI induced ERS in mice
To evaluate the effect of TsKaSPI on ERS in the jejunum 
in vivo, BALB/c mice were intraperitoneally administered 
TsKaSPI three times, and the jejunum was collected. The 
gene transcription levels of ATF6, Bip, IRE1, and PERK 
were measured by qPCR, and the protein expression lev-
els of ATF6, Bip, IRE1, PERK, p-JNK, JNK, CHOP, and 
caspase-12 were measured by Western blotting. Similar 

to T. spiralis infection, TsKaSPI administration signifi-
cantly increased the expression of ATF6, BIP, IRE1, and 
PERK (Figure 11). Furthermore, the expression of apop-
tosis-related proteins was significantly increased by 
TsKaSPI (Figure 12).

Discussion
The endoplasmic reticulum (ER) is an important orga-
nelle for synthesizing, folding and secreting proteins in 
eukaryotic cells. However, many factors can cause an 
imbalance in ER homeostasis, resulting in ER stress (ERS) 
[35]. As ERS often causes the accumulation of unfolded 
or misfolded proteins, which induces the unfolded pro-
tein response (UPR), the marker molecules involved in 
the UPR are generally used to indicate the occurrence 
of ERS. Activating transcription factor 6 (ATF6), pro-
tein kinase RNA-like ER kinase (PERK), and inositol 
requiring enzyme 1 (IRE1) are important molecules of 
the three UPR signalling pathways [36]. Under non-ERS 
conditions, immunoglobulin-binding protein (Bip) can 
bind to these three molecules and maintain the inactive 
state of the signal transduction factors. When the UPR is 
induced, Bip dissociates to reduce or stop ERS. Therefore, 
upregulated Bip expression is often regarded as a marker 
of the occurrence of ERS [37].

In recent years, many studies have shown that ERS 
plays a key role in the interaction between the patho-
genicity of parasitic infection and the host immune 
response [38, 39]. Therefore, we conducted a series of 
experiments to explore whether Trichinella spiralis (T. 

Figure 7 Western blot analysis of the expression of ERS‑related and apoptosis‑related proteins and activation of the NF‑κB signalling 
pathway in IPECs. Assays were performed in triplicate, and the data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared 
with the IPEC + PBS group, +P < 0.05, ++P < 0.01, +++P < 0.001 compared with the IPEC + Tm group, #P < 0.05, ##P < 0.01, ###P < 0.001 compared with 
the IPEC + TsES group.
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spiralis) infection also induced ERS in host intestinal 
epithelial cells. Gou et  al. [40] showed that the expres-
sion levels of ERS-related molecules in the jejunum were 
significantly increased 7 days post-infection (dpi) with T. 
spiralis, while the expression levels of ERS-related mol-
ecules in the duodenum were not significantly changed 
compared with those in the control group. Therefore, 

we selected jejunum tissue as the research object for this 
study. First, H&E staining and histological evaluation 
indicated that T. spiralis infection induced intestinal tis-
sue damage (villus loss and ultrastructural damage) at 3 
dpi and 7 dpi, and the degree of damage was alleviated 
to a certain extent at 15 dpi. Moreover, the TUNEL assay 
showed that the ratio of apoptotic cells was increased at 3, 

Figure 8 Tm, TsES, and TsKaSPI affect IPEC apoptosis. IPEC apoptosis was determined by staining with annexin V and PI followed by flow 
cytometry (A). The percentages of cells with different staining patterns are shown. The results presented are representative of three independent 
experiments (B). qPCR analysis of the relative expression of TLR2, TLR4, proapoptotic genes (Fas, Bax) and antiapoptotic genes (Bcl-xL, Bcl-2) in 
IPECs (C). Assays were performed in triplicate, and the data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the 
IPEC + PBS group, +P < 0.05, ++P < 0.01, +++P < 0.001 compared with the IPEC + Tm group, #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the 
IPEC + TsES group.



Page 11 of 15Xu et al. Veterinary Research           (2022) 53:18  

7, and 15 dpi compared with that in uninfected mice, and 
the ratio peaked at 7 dpi. The ERS markers ATF6, IRE1, 
PERK, and Bip increased significantly at 3 dpi and con-
tinued until 7 dpi. However, the degree of ERS decreased 
at 15 dpi. This result may be related to the life cycle of T. 
spiralis. The times points 3 dpi and 7 dpi are the intesti-
nal stage, and 15 dpi is the period when newborn larvae 
(NBL) migrate in the host’s circulatory system and tis-
sues. Therefore, excessive ERS in intestinal epithelial cells 
began to gradually alleviate. This finding suggests that 
ERS occurs in the intestines of mice infected with T. spi-
ralis and leads to apoptosis in intestinal epithelial cells.

If ER functions are persistently or severely disrupted, 
apoptosis pathways such as C/EBP homologue (CHOP), 
Caspase-12, and/or C-Jun NH2-terminal kinase (JNK) 
are activated to initiate cell death, which results in an 
inflammatory response and immune imbalance [41–44]. 
Therefore, we examined changes in the expression lev-
els of ERS-related apoptosis proteins during T. spiralis 
infection. The results showed that the expression levels of 
CHOP, cleaved caspase-12 and p-JNK were significantly 
upregulated in the intestinal stage of infection and gradu-
ally decreased in the circulating stage of NBL but were 
still significantly higher than those in uninfected mice. 
These results suggest that ERS-mediated apoptosis may 
play a key role in intestinal invasion and the pathogenesis 
of T. spiralis infection.

During T. spiralis infection, the host immune response 
is mainly regulated by the interaction between excretion/
secretion (ES) antigens and the host immune system; 

therefore, we hypothesized that TsKaSPI, which is one of 
the important components of ES antigens, plays a key role 
in the regulation of ERS in the host. Our previous stud-
ies confirmed that TsKaSPI was involved in regulating 
various immune cells in the host and participated in the 
immune evasion process during T. spiralis infection [45, 
46]. To further explore the relationship between TsKaSPI 
and ERS, we conducted in vitro experiments. The results 
showed that the expression of ERS-related proteins and 
apoptosis-related proteins increased significantly. Flow 
cytometry indicated that TsES and TsKaSPI both caused 
significant increases in the apoptosis rates. The qPCR 
results showed that TsES and TsKaSPI caused signifi-
cant increases in the transcription levels of proapoptotic 
genes and significant decreases in the transcription levels 
of antiapoptotic genes. In addition, ERS-mediated epi-
thelial apoptosis is associated with the expression of Toll-
like receptors (TLRs) [19]. Our results showed that TsES 
significantly increased the transcription levels of TLR2 
and TLR4, while TsKaSPI had no obvious effect on the 
transcript levels of TLR2 or TLR4.

We further conducted in  vivo experiments. BALB/c 
mice were intraperitoneally injected with TsKaSPI three 
times, and the jejunum tissues were collected 3 days after 
each administration. The results showed that ERS-related 
proteins and apoptosis-related proteins were significantly 
upregulated after the first, second and third adminis-
tration. These results suggest that TsKaSPI may play an 
important role in the process by which T. spiralis invades 
the host intestine and induces ERS in intestinal epithe-
lial cells. Moreover, TsKaSPI also induced apoptosis in 
intestinal epithelial cells by specifically activating CHOP, 
caspase-12 and JNK. However, whether other apoptosis 
pathways, such as death receptor-mediated or mitochon-
dria-targeted apoptosis pathways, are involved in this 
pathological process remains to be clarified.

During the process by which T. spiralis invades the host 
intestines, mechanical properties and the stimulation of 
ES antigens can cause extensive intestinal inflammation 
[4]. Studies have shown that ERS and inflammatory sig-
nals in cells share regulators and effectors, and the vicious 
cycle formed by these two signalling pathways can exac-
erbate cell dysfunction and cause apoptosis in many cells 
[46]. As an important multipotent transcription factor, 
NF-κB plays a key role in regulating the immune response 
induced by infection [47]. Moreover, our previous experi-
mental results confirmed that TsKaSPI administration 
could lead to the activation of the NF-κB signalling path-
way in the intestinal tissues of mice [44, 45]. Therefore, 
to determine whether the occurrence of ERS can regulate 
the immune system through the NF-κB signalling path-
way, Western blotting was used to examine the activation 
of NF-κB in IPECs cultured with Tm, TsES, and TsKaSPI 

Figure 9 ELISA analysis of proinflammatory cytokine levels. 
The results presented are representative of three independent 
experiments. The data are presented as the mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001 compared with the IPEC + PBS group, 
+P < 0.05, ++P < 0.01, +++P < 0.001 compared with the IPEC + Tm 
group, #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the IPEC + TsES 
group.
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Figure 10 Inhibition experiment to analyse the relationship between ERS and the NF‑κB signalling pathway. Western blot analysis of 
the relative expression of Bip after the addition of NF-κB-specific inhibitors (A). ImageJ was used to analyse the grey values of the bands, and 
the results are shown in B. Western blot analysis of the relative expression of NF-κB and p-NF-κB after the addition of ERS-specific inhibitors (C). 
ImageJ was used to analyse the grey values of the bands, and the results are shown in D. The expression of proinflammatory cytokines was 
determined by ELISA, and the results are shown in E. The data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the 
IPEC + PBS group, +P < 0.05, ++P < 0.01, +++P < 0.001 for IPEC + TsKaSPI, and IPEC + PDTC + TsKaSPI group compared with the IPEC + PDTC group or 
IPEC + TsKaSPI, and IPEC + 4-PBA + TsKaSPI group compared with the IPEC + 4-PBA group, #P < 0.05, ##P < 0.01, ###P < 0.001 for IPEC + PDTC + TsKaSPI 
compared with the IPEC + TsKaSPI group or IPEC + 4-PBA + TsKaSPI compared with the IPEC + TsKaSPI group.
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for 24  h. The results showed that Tm, which is an ERS 
activator, could significantly increase the phosphoryla-
tion level of NF-κB. Furthermore, the expression of pro-
inflammatory cytokines also increased significantly. 
Therefore, these results preliminarily indicated that TsES 
and TsKaSPI could activate the NF-κB signalling pathway 
by inducing ERS in IPECs.

However, the role of ERS and inflammation is not uni-
lateral, and inflammatory factors can also activate ERS 
[48]. Therefore, we further used inhibition experiments 

to analyse the relationship between ERS and the NF-κB 
inflammatory signalling pathway. First, 4-PBA was used 
to limit ERS activation, and the phosphorylation level 
of NF-κB and the expression of inflammatory cytokines 
induced by TsKaSPI were significantly decreased. On 
the other hand, PDTC was used to limit ERS activation, 
and the degree of ERS was also significantly decreased. 
Therefore, our results suggested that TsKaSPI-induced 
ERS in IPECs was accompanied by activation of the 

Figure 11 qPCR analysis of the relative expression of ERS‑related proteins in mice immunized with TsKaSPI. Assays were performed in 
triplicate, and the data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group.

Figure 12 Western blot analysis of the expression of ERS‑related proteins and apoptosis‑related proteins in mice that were administered 
TsKaSPI. Assays were performed in triplicate, and the data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the 
control group.
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NF-κB pathway and that these two pathways were mutu-
ally regulated.

In conclusion, both T. spiralis and TsKaSPI can induce 
ERS in host intestinal epithelial cells and cause apoptosis 
by activating the CHOP, caspase-12 and JNK pathways. 
Furthermore, the NF-κB signalling pathway and inflam-
matory factors also play important roles in immune regu-
lation by interacting with ERS. Therefore, TsKaSPI plays 
an important role during T. spiralis invasion in the host.
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