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Endoplasmic reticulum stress-induced
apoptosis in intestinal epithelial cells:
a feed-back regulation by mechanistic
target of rapamycin complex 1 (mTORC1)
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Abstract

Background: Endoplasmic reticulum (ER) stress is associated with multiple pathological processes of intestinal
diseases. Despite a critical role of mechanistic target of rapamycin complex 1 (mTORC1) in regulating cellular stress
response, the crosstalk between mTORC1 and ER stress signaling and its contribution to the intestinal barrier
function is unknown.

Results: In the present study, we showed that intestinal epithelial cells (IEC-6) incubated with tunicamycin led to
caspase-3-dependent apoptotic cell death. The induction of cell death was accompanied by activation of unfolded
protein response as evidenced by increased protein levels for BiP, p-IRE1α, p-eIF2α, p-JNK, and CHOP. Further study
demonstrated that tunicamycin-induced cell death was enhanced by rapamycin, a specific inhibitor of mTORC1.
Consistently, tunicamycin decreased transepithelial electrical resistance (TEER) and increased permeability of the
cells. These effects of tunicamycin were exacerbated by mTORC1 inhibitor.

Conclusions: Taken together, the data presented here identified a previously unknown crosstalk between
an unfold protein response and mTORC1 signaling in the intestinal epithelium. This feed-back loop regulation on
ER stress signaling by mTORC1 is critical for cell survival and intestinal permeability in epithelial cells.

Keywords: Apoptosis, Barrier function, ER stress, Intestinal epithelial cell, mTORC1

Background
The endoplasmic reticulum (ER) is the main organelle
associated with the processing and folding of newly syn-
thesized proteins before they are transported to other
cellular components [1]. Various cellular stress condi-
tions can result in the accumulation of unfolded or mis-
folded proteins in the ER lumen, which might trigger an
unfolded protein response (UPR). UPR is an integrated
mechanism that allows the cells to cope with the un-
folded/misfolded proteins and therefore maintaining cel-
lular homeostasis by increasing the folding capacity of
the ER, inhibiting protein synthesis, and promoting
the degradation of unfolded proteins [2]. In mammalian

cells, three protein sensors responsible for the initiation
of the UPR have been identified on the ER membrane:
inositol-requiring enzyme 1 (IRE1), protein kinase RNA-
like ER kinase (PERK), and activating transcription fac-
tor 6 (ATF6). In the absence of ER stress, the luminal
domains of the ER protein sensors are bound in an in-
active state by BiP, an ER chaperone binding immuno-
globulin protein also known as glucose-regulated protein
78 (GRP78) [3]. Accumulation of unfolded/misfolded
proteins dissociates BiP from the luminal domains of the
protein sensors, resulting in activation of UPR signaling
[4]. The UPR is an adaptation response that is conducive
to cell survival by reducing the accumulation of un-
folded proteins and restoring an appropriate ER func-
tion. However, prolonged or severe ER stress activates
and initiates apoptosis signaling [5].* Correspondence: bio2046@hotmail.com
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As the predominant cells that line the gastrointestinal
tracts, intestinal epithelial cells are constantly exposed to
various environmental factors, such as intestinal micro-
biota, dietary components, nutrient metabolites, and
toxins, which can trigger ER stress and consequently
lead to intestinal mucosal barrier dysfunction [6, 7]. Ac-
cumulating evidence indicates that ER stress in epithelial
cells is associated with pathogenesis of intestinal disor-
ders, such as colitis and inflammatory bowel disease [7–
10]. Importantly, the UPR signaling is essential for main-
tenance of the intestinal homeostasis [10]. Genetic dele-
tion of genes involved in the UPR is associated with
increased intestinal inflammation and integrity break-
down, as well as apoptosis [11, 12]. Despite much pro-
gress in the understanding of the implications of ER
stress in intestinal disorders, the regulation of ER stress
in intestinal epithelial cells remains largely unknown
[13]. It has been reported that the intestinal barrier in-
tegrity can be disrupted by ER stress-related apoptosis;
however, the underlying mechanisms remain elusive.
The mechanistic target of rapamycin (mTOR) is a

master regulator of various cellular processes including
cell proliferation, survival, metabolism, autophagy, and
the synthesis of proteins and lipids [14]. The two com-
plexes of mTOR, complex 1 (mTORC1) and complex 2
(mTORC2), execute distinct cellular responses due to
their different subunit compositions [15]. The mTORC1
signaling is mainly activated by a variety of intracellular
and extracellular stimuli, for example, nutrients, growth
factors, and stress [15, 16]. Recent studies showed that
mTORC1 signaling is intertwined with the ER stress re-
sponse and contributes to the cell fate decision [17–21].
Current understanding of the implications of the inter-
play between these two critical pathways in intestinal
mucosal integrity is unknown. In the present study, IEC-
6 cells were cultured in the presence or absence of tuni-
camycin, an ER stress inducer that inhibits N-linked
glycosylation. We showed that tunicamycin exposure led
to activation of UPR signaling and apoptotic cell death,
as well as activation of mTORC1 signaling. Intriguingly,
inhibition of mTORC1 with rapamycin resulted in in-
creased cell apoptosis and increased intestinal perme-
ability, suggesting a feed-back loop regulation of
mTORC1 signaling on ER stress-induced apoptosis.

Methods
Reagents
Tunicamycin and FITC-dextran (20 kDa) were bought
from Sigma Chemicals Co. (St. Louis, MO, USA).
DMEM and fetal bovine serum (FBS) were bought from
GIBCO BRL (Grand Island, NY, USA). Cell counting
kit-8 (CCK-8) reagent was from ZOMANBIO Biotech-
nology Co. (Beijing, China). Hoechst 33342 was bought
from Biotium (Fremont, CA, USA). TRIzon Reagent

was obtained from CWBIO biotech Co. (Beijing,
China). PrimeScript® RT Master Mix and SYBR® Premix
EX Taq™ II kits were purchased from Takara
Biotechnology Co. (Dalian, China). Antibodies against
CHOP, Bcl-2, and β-actin were from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Rapamycin and
antibodies against cleaved-caspase-3, IRE1α, BiP, ATF4,
c-myc, phospho-eIF2α (Ser51), eIF2α, phospho-p38
MAPK (Thr180/Tyr182), p38 MAPK, phospho-ERK1/2
(Thr202/Tyr204), ERK1/2, phospho-JNK (Thr183/
Tyr185), JNK, phospho-mTORC1 (Ser2448), mTORC1,
phospho-p70S6K (Thr389/Thr412), p70S6K, phospho-
4EBP1 (Thr70), and 4EBP1 were obtained from Cell
Signaling Technology (Beverly, MA, USA). Antibody
against phospho-IRE1α (Ser274) was purchased from
Abcam Inc. (Cambridge, MA, USA). Peroxidase-
conjugated goat anti-rabbit and goat anti-mouse sec-
ondary antibodies were purchased from Huaxingbio
Biotechnology Co. (Beijing, China).

Cell culture and treatment
IEC-6 cells cultured with Dulbecco’s modified eagle
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin–streptomycin were incu-
bated at 37 °C in a humidified incubator with 5% CO2. For
ER stress stimulation or rapamycin treatment, the medium
was replaced by DMEM containing indicated doses of
tunicamycin or rapamycin for appropriate time points.

Cell viability
Cells (10,000 cells/well) were seeded into 96-well plates
and treated as indicated. 10 μL of WST-8 solution was
added to each well and then was incubated for another
30 min in a 37 °C incubator. Cell viability was assessed
by the production of formazan from the reduction of
WST-8 by intracellular mitochondrial dehydrogenase.
The absorbance at 450 nm was measured using a micro-
plate reader (SpectraMax® M3, Molecular Devices, USA).

Hoechst 33342 staining
Cells were seeded in 6-well plates (2 × 105 cells per well)
and treated as indicated followed by staining with 5 μg/
mL of Hoechst 33342 for 15 min at 37 °C. Then the
apoptotic morphologic features, including
the condensation of nuclear DNA and reduced cell
volume, were observed under a fluorescence microscope
(Zeiss, Germany).

Flow cytometry analysis
Cells were harvested with 0.25% trypsin and resuspended
in 1 × binding buffer, followed with Annexin V-FITC and
PI staining at room temperature for 15 min. Flow cyto-
metric analysis was performed using a CytoFLEX flow cyt-
ometer (Beckman Coulter, USA), and data were collected
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by the CytExpert software (version 1.2). The percentages
of apoptotic cells at early phase plus late phase were used
for statistical analysis.

Real-time PCR assay
To analyze the transcriptional abundance of genes, total
RNA was extracted from cells by using the Trizol re-
agent and reverse-transcribed into cDNA with a Prime-
Script® RT Master Mix kit (TaKaRa, Japan) by following
the manufacturer’s protocol. Quantitative PCR was
performed with SYBR Green (TaKaRa, Japan) using the
ABI 7500 real time-PCR system (Life Technologies,
USA). Primer sequences for each gene are listed in
Table 1. β-actin was used as a reference gene in the cal-
culation of the relative expression level of a target
gene by the 2−ΔΔCT method [22].

Western blot analysis
Treated cells were harvested and then were resuspended
in RIPA lysis buffer (10 mmol/L Tris-HCl, pH 7.4;
150 nmol/L NaCl; 10 mmol/L EDTA; 1% NP-40; 0.1%
SDS) containing protease and phosphatase inhibitors. To
obtain the whole cell lysates, the lysis solution was cen-
trifuged at 12,000 r/min for 15 min. The bicinchoninic
acid (BCA) assay was performed to evaluate the protein
concentrations for each sample. Total cell lysates with
25 μg of denatured protein were separated by 12% SDS-
polyacrylamide gel electrophoresis and transferred to a
PVDF membrane, which was subsequently blocked by
5% nonfat dry milk in Tris-buffered saline with 0.1%
Tween 20 (TBS-T) buffer for 1 h at room temperature.
Then the membrane was incubated with primary anti-
bodies (1:1,000–2,000 dilution) overnight at 4 °C. After
washing with TBS-T three times, the membrane was fur-
ther incubated with secondary antibodies (1:5,000 dilu-
tion) for 1 h at room temperature. The detection of
immunoreactive protein bands was carried out by en-
hanced chemiluminescence using an ImageQuant LAS
4000 mini system (GE Healthcare). The intensity of the
bands was determined by Image J software (National
Institute of Health, USA).

Monolayer transepithelial electrical resistance determination
Cells were seeded into the apical side of Transwell
inserts (Corning Costar, NY, USA) in 24-well plates
(8 × 104 cells/well). The basolateral side of an insert
contained the culture medium. After 2 d, monolayer
cells were incubated with treatment medium and
then the values for transepithelial electrical
resistance were measured by a Millicell® ERS-2 Volt-
Ohm Meter (Millipore, USA). The unit area resist-
ance was calculated by multiplying the Ohm value
by the effective surface area of the filter membrane
(0.33 cm2).

Monolayer paracellular permeability measurement
FITC-dextran (20 kDa) (1 mg/mL) dissolved in DMEM
with tested drugs was added onto the upper layer of the
monolayer in the Transwell inserts. The lower layer of
the insert was supplemented with treatment medium
without FITC-dextran. After incubation, the medium in
the basolateral side was transferred into a 96-well plate,
followed by the determination of the fluorescence inten-
sity using a microplate reader (SpectraMax® M3) at the
excitation and emission wavelengths of 490 and 520 nm,
respectively.

Statistical analysis
Results were presented as means ± SEMs and analyzed
by one-way or two-way ANOVA followed with Dunnett’s
t-test. All the analyses were conducted by using the SAS
9.1 software. A value of P < 0.05 was considered as sta-
tistically significant difference.

Results
Induction of ER stress results in apoptosis in IEC-6 cells
As shown in Fig. 1, IEC-6 cells treated with tunicamycin
(1, 5, and 10 μg/mL) for 24 h led to decreased cell viabil-
ity in a dose-dependent manner (Fig. 1a) (P < 0.05). The
reduction of viability upon tunicamycin exposure was
due to increased apoptosis as shown by condensed and
fragmented nuclei (Fig. 1b), and Annexin V-FITC/PI
double staining positive cells (P < 0.05) (Fig. 1c and d).

Table 1 Primer sequences used for real-time PCR

Gene Accession No. Primers (5′→3′) Product size, bp

ATF4 NM_024403.2 F: GCCAAGCACTTCAAACCTCA
R: CAATCTGTCCCGGAAAAGGC

125

HSPA5 NM_013083.2 F: TGATATCGGAGGTGGGCAAA
R: CTTTCCCAAATACGCCTCGG

100

XBP1s NM_001004210.2 F: ACAGACTGCGCGAGATAGAA
R: ATCCCCAAGCGTGTCCTTAA

165

DDIT3 XM_006241444.2 F: GTCACAAGCACCTCCCAAAG
R: ACTGACCACTCTGTTTCCGT

115

β-actin NM_031144.3 F: TGTGTTGTCCCTGTATGCCT
R: CCCTCATAGATGGGCACAGT

90
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Consistent with increased cell death, tunicamycin treat-
ment resulted in accumulation of cleaved-caspase-3, a
characteristic of apoptosis, (Fig. 1e) in IEC-6 cells, indicat-
ing the implication of caspase-3-dependent apoptosis in
response to ER stress. Considering that increased apop-
tosis was observed in IEC-6 cells treated with 1 μg/mL of
tunicamycin at 24 h post-treatment, this concentration of
tunicamycin was used in the following experiments.

Tunicamycin activates ER stress signaling in intestinal
epithelial cells
To explore the involvement of UPR signaling in
tunicamycin-induced cell death, we examined the

expression profile of genes involved in ER stress by quan-
titative real-time PCR as well as Western blot analysis.
Cells incubated with tunicamycin led to increased mRNA
abundances for ER stress mediators (P < 0.05), such as
ATF4 (Fig. 2a), spliced X-box binding protein 1 (XBP1s)
(Fig. 2b), and DNA damage-inducible transcript 3 (DDIT3,
also known as CHOP) (Fig. 2c) at 3 h post-treatment,
which were maintained until 24 h. The elevation of
mRNA levels (P < 0.05) for heat shock 70 kDa protein 5
(HSPA5, the gene encoding BiP) (Fig. 2d) were observed
at 6 h, and were maintained until 24 h post-treatment.
Western blot analysis showed that incubation with tunica-
mycin activated ER stress signaling as shown by increased

Fig. 1 Tunicamycin treatment results in apoptotic cell death in IEC-6 cells. a Cells treated with tunicamycin (0, 1, 5, and 10 μg/mL) for 24 h were
harvested for viability assay using a cell counting kit. Data are expressed as mean ± SEM in percentage compared with the control (0 μg/mL of
tunicamycin), n = 6. *P < 0.05. b Morphological changes induced by indicated concentrations of tunicamycin (0, 1, 5, and 10 μg/mL) in IEC-6 cells
stained with Hoechst 33342. The images were acquired by using a fluorescence microscope. Scale bar: 10 μm. c Flow cytometry analysis of apoptosis
in IEC-6 cells by Annexin V-FITC/PI double staining. Cells in the right lower and right upper quadrant were considered as the early and late apoptotic
cells, respectively. d The bar chart represents the percentage of apoptotic cells. Data are shown as mean ± SEM, n = 3. *P < 0.05. e Western blot results
for the protein levels of cleaved caspase-3 in IEC-6 cells treated with (1 μg/mL) or without tunicamycin for indicated time periods. β-actin was used as
a loading control. The histogram represent the statistical analysis of cleaved-caspase-3 of three individual experiments. Data are expressed as mean ±
SEM. *P < 0.05. TUN, tunicamycin; UT, untreatment; cleaved-casp-3, cleaved-caspase-3
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abundances for BiP, phospho-IRE1α, ATF4, and phospho-
eIF2α (Fig. 3a) at 3 h post-treatment (P < 0.05). The pro-
tein abundances for phospho-IRE1α, and ATF4 were de-
creased at later time points (≥ 12 h) (Fig. 3a). We next
determined CHOP, phospho (p)-JNK, p-p38 MAPK (p-
p38), and extracellular signal-regulated kinase 1/2 (ERK1/
2) proteins related to ER stress-induced apoptosis, and
Bcl-2 (B-cell leukaemia/lymphoma 2), an anti-apoptotic
protein. The results indicated that tunicamycin triggered
activation of JNK (Fig. 3b) (P < 0.05), instead of p38
MAPK and ERK1/2 (Data not shown) in IEC-6 cells. Strik-
ingly, the protein abundance for CHOP was enhanced by
tunicamycin (P < 0.05). Tunicamycin exposure had no ef-
fect on the protein level of Bcl-2 during the time course
treatment (Fig. 3b).

Tunicamycin exposure led to activation of mTORC1 signalling
As shown in Fig. 4, cells treated with tunicamycin led
to enhanced protein abundances for phospho-mTOR,
as well as downstream targets, p-4EBP1 and p-
p70S6K (Fig. 4) at 12 h and 24 h post-treatment in a
time-dependent manner, as compared with controls
(P < 0.05). This result indicated an activation of

mTORC1 signalling in response to ER stress in intes-
tinal epithelial cells.

Inhibition of mTORC1 signaling with rapamycin sensitizes
cells to ER stress-associated apoptosis
mTORC1 has been reported to be implicated in and
contributes to ER stress-triggered apoptosis by regu-
lating apoptotic proteins in various cells [17, 18]. To
ascertain a functional role of mTORC1 signaling in
ER-stressed intestinal epithelial cells, IEC-6 cells were
incubated with tunicamycin in the presence or ab-
sence of rapamycin (100 nmol/L), a specific inhibitor
of mTORC1. Western blot analysis showed that
tunicamycin-induced activation of mTORC1, 4EBP1
and p70S6K was significantly revered by rapamycin
(Fig. 5a) (P < 0.05). Interestingly, we found that
tunicamycin-induced apoptosis was enhanced by rapa-
mycin as shown by cell viability and flow cytometry
analysis (Fig. 5b, c and d), as compared with tunica-
mycin single treatment, indicating a feed-back loop
regulation on ER-stress-induced apoptosis by
mTORC1 activation. In agreement with phenotyptes
observed, tunicamycin-induced up-regulation of JNK
phosphorylation and cleavage of caspase-3, instead of

Fig. 2 mRNA levels for ER stress-related genes in tunicamycin treated cells. IEC-6 cells were incubated with (1 μg/mL) or without tunicamycin for
indicated time periods. mRNA levels for ATF4 (a), XBP1s (b), DDIT3 (c), and HSPA5 (d) were determined by quantitative real-time PCR. β-actin was
used as an internal reference. Data are presented as mean ± SEM, n = 3. *P < 0.05 by one-way ANOVA. TUN, tunicamycin; UT, untreatment
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Fig. 3 Effect of tunicamycin on ER stress pathway activation in IEC-6 cells. Cells were incubated with 1 μg/mL tunicamycin for indicated time
periods, Western bolt was performed to analyze protein abundance for: (a) ER stress markers, including BiP, IRE-1α, p-IRE1α, eIF2α, p-eIF2α, and
ATF4; and (b) apoptosis related proteins, including CHOP, JNK, p-JNK, and Bcl-2. The right panel histograms represent the statistical analysis of
protein abundance from three individual experiments. Data are expressed as mean ± SEM. *P < 0.05. TUN, tunicamycin; UT, untreatment

Fig. 4 Tunicamycin induced activation of mTOR signaling. Cells were treated with or without tunicamycin for indicated time periods, protein
abundance for mTORC1, p-mTORC1, p70S6K, p-p70S6K, p-4EBP1, and 4EBP1 were determined by Western blot analysis. The histograms represent
the statistical analysis of protein abundance from three individual experiments. (a) p-mTOR/mTOR. (b) p-p70S6K/p70S6K. (c) p-4EBP1/4EBP1. Data
are presented as mean ± SEM. *P < 0.05
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CHOP, was enhanced by rapamycin as compared with
tunicamycin single treatment (Fig. 6a) (P < 0.05).
Moreover, treatment with rapamycin and tunicamycin
led to reduced protein levels for Bcl-2 in cells, even
though rapamycin or tunicamycin single treatment
had no effect on its protein abundance. Tunicamycin-
induced upregulation of phospho-IRE1α, IRE1α, and
ATF4 were markedly abrogated by rapamycin (Fig.
6b) (P < 0.05). In contrast, rapamycin did not affect
tunicamycin-induced upregulation of BiP protein
levels (Fig. 6b). Interestingly, tunicamycin treatment
resulted in enhanced protein levels of c-myc (P < 0.
05), a transcriptional factor with an ability to bind to

and regulate ATF4-CHOP signaling [21], which was
reversed by rapamycin.

Effects of rapamycin on intestinal permeability in
tunicamycin-challenged cells
To investigate the effect of mTORC1 inhibitor on the in-
testinal permeability in tunicamycin-treated epithelial
cells, IEC-6 cells were incubated with tunicamycin in the
presence or absence of rapamycin. Compared with con-
trols, cells treated with tunicamycin had reduced TEER
(transepithelial electrical resistance) (P < 0.05) (Fig. 7a)
and increased permeability to FITC-Dextran (P < 0.05)
(Fig. 7b), which were further exacerbated by the mTORC1

Fig. 5 Rapamycin enhances tunicamycin-induced cell apoptosis in IEC-6 cells. a Rapamycin blocked tunicamycin-induced mTORC1 signaling
activation. IEC-6 cells were treated with or without tunicamycin (1 μg/mL) in the presence or absence of rapamycin (100 nmol/L) for 12 h.
Protein abundances for mTORC1, p-mTORC1, p70S6K, p-p70S6K, p-4EBP1, and 4EBP1 were determined by Western blot analysis. The right
panel histograms represents the statistical analysis of protein abundance from three individual experiments. Data are expressed as mean ±
SEM. b mTORC1 inhibition by rapamycin sensitized tunicamycin-induced apoptosis. Cells were treated without or with tunicamycin (1 μg/
mL) in the presence or absence of rapamycin (10 or 100 nmol/L) for 12 h, cell viability was assessed by using of CCK-8 kit. Data are presented
as mean ± SEM in percentage compared to the untreatment group, n = 6. c Flow cytometry analysis of apoptosis in IEC-6 cells. Cells treated
as in Fig. 4c were stained by Annexin V-FITC/PI and apoptosis was determined by Facs analysis. d Bar chart for apoptosis in tunicamycin and/
or rapamycin treated cells. Data are mean ± SEM, n = 3. TUN, tunicamycin; UT, untreatment; Rap, rapamycin
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inhibitor (P < 0.05). These data indicated a functional
feed-back loop regulation on tunicamycin-induced intes-
tinal permeability by mTORC1 signaling.

Discussion
In the present study, we found that tunicamycin treatment
led to caspase-3-dependent apoptosis in intestinal epithe-
lial cells, which was accompanied by mTORC1 activation.
Further study showed tunicamycin-induced apoptosis was
enhanced by rapamycin, a specific inhibitor of mTORC1,
indicating a feed-back loop regulation of ER stress-
induced apoptosis by mTORC1 (Fig. 7c). Importantly,
tunicamycin-induced impairment of intestinal permeabil-
ity was exacerbated by rapamycin. These data presented
here uncovered a novel interaction between mTORC1
signaling and unfolded protein response, which is critical
for the intestinal integrity of epithelial cells.

ER stress is an adaptive response to stressful condi-
tions by triggering UPR signaling under unfavorable
conditions, such as hypoxia, chemo drug exposure, or
nutritional deprivation. However, severe or prolonged
ER stress lead to apoptotic cell death by inducing the ex-
pression of downstream genes implicated in cell death
signaling pathways [23]. ER stress has been reported to
be involved in intestinal disorders such as necrotizing
enterocolitis [24], ulcerative colitis [25], and Crohn’s dis-
ease [26]. However, it remains largely unknown how the
UPR signaling affects intestinal epithelial cells and con-
tributes to the intestinal barrier function in humans and
animals [6, 7].
In our study, IEC-6 cells derived from the rat intestinal

crypt epithelium [27] were treated with different concen-
trations of tunicamycin, a well-known ER stress inducer
[28]. Tunicamycin incubation resulted in the cleavage of
caspase-3, a characteristic of apoptotic cell death which

Fig. 6 Effect of rapamycin on tunicamycin-induced ER stress markers (a) and (b) apoptosis protein abundance in IEC-6 cells. Cells were treated
with or without tunicamycin (1 μg/mL) in the presence or absence of rapamycin for 12 h, protein abundance was determined by Western
blot analysis. The right panel histograms at the right side of the bands represent the statistical analysis of protein abundance from three
individual experiments. β-actin was used as a loading control. Data are expressed as mean ± SEM. TUN, tunicamycin; Rap, rapamycin;
cleaved-casp-3, cleaved-caspase-3
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was associated with UPR signaling. This is shown by ac-
tivation of ATF4 and XBP1s at both transcriptional and
protein levels, as well as enhanced CHOP [24, 29] and
p-JNK [30, 31], two well-known targets implicated in ER
stress-related cell death. The activation of JNK and
CHOP acted together, thus contributing to apoptotic cell
death in intestinal epithelial cells as previously described
[32]. Considering that CHOP activation has been re-
ported to be associated with enhanced ATF6 and PERK-
eIF2α-ATF4 signaling [24], more studies are required to
elucidate how these two signaling pathways interact and
confer to CHOP-mediated cell death effect in the intes-
tinal epithelial cells.
A novel finding of this study is that ER stress-induced

cell death occurs along with activation of mTORC1,
which act as feed-back loop regulation on ER stress-
induced cell death. ER stress and mTORC1 are critical
signaling pathways that are associated with cell fate deci-
sion by distinct mechanisms in response to various
stress insults [4, 33]. Impaired function of either ER
stress or mTORC1 has been shown to be associated with
deregulation of intestinal barrier function in both
humans and experimental animals [1, 34]. A cross talk
between these two signaling pathways was described by
several lines of studies [17–20]. However, underlying
mechanisms responsible for the interaction are not well
defined. In line with previous study [17, 20], both
mTORC1 and UPR signaling were activated by tunica-
mycin in intestinal epithelial cells. In contrast, we found
that inhibition of mTORC1 led to markedly upregulation
of p-JNK and cleavage of caspase3, downregulation of
Bcl-2, increased apoptosis and decreased intestinal per-
meability. These results are not consistent with previous
study showing that rapamycin attenuated ER-stress

induced apoptosis by blocking IRE1-JNK [17], PERK-
CHOP [20], or mTORC1/c-myc signaling [21]. Indeed,
we observed an inhibitory effect of rapamycin on
tunicamycin-induced upregulation of p-IRE1α, ATF4,
and c-myc. However, the phosphorylation level of JNK
was markedly enhanced, and the protein level for CHOP
was not affected, as compared with tunicamycin single
treated cells, which was inconsistence with previous
studies [18, 20, 21].
The reason for this discrepancy is not clear based on

data provided herein. This paradoxical observation
might be explained by the following possibilities. First,
ER stress is an adaptive response to unfavorable condi-
tions by inducing ER-associated protein degradation
(ERAD) signaling pathway to eliminate misfolded pro-
teins and enhancing the capacity for protein folding and
modification, in which new protein synthesis is required
[1, 3] . Rapamycin exposure led to reduced abundance
for proteins involved in this process, thus contributing
to a protein overload in ER due to a decreased capacity
to cope with unfolded proteins, ultimately leading to en-
hanced apoptosis signaling to maintain intracellular
homeostasis. Second, JNK is a classic apoptotic protein
activated by IRE1α under ER stress condition. In our
study, rapamycin treatment led to decreased protein
levels for IRE1α, but the protein phosphorylation for
JNK was enhanced, instead of being attenuated. This un-
expected result indicated the existence of IRE1α-
independent regulation on JNK activation. Actually, in a
recent study, Win et al. demonstrated that JNK can be
activated in IRE1α-independent manner by interacting
with Sab, a mitochondrial protein, and resulted in im-
paired mitochondrial respiration, enhanced reactive oxy-
gen species production, and cell death in response to ER

Fig. 7 Effects of mTORC1 inhibition on intestinal barrier function in tunicamycin-challenged cells. Effect of rapamycin on tunicamycin-induced (a)
transepithelial electric resistance (TEER), and (b) permeability in IEC-6 cells. IEC-6 monolayer cells incubated with tunicamycin (1 μg/mL) in the
presence or absence of rapamycin (100 nmol/L) for 24 h. TEER and permeability were determined. Data are expressed as mean ± SEM, n = 3. TEER,
transepithelial electrical resistance; FITC, fluorescein isothiocyanate; Rap, rapamycin. (c) Proposed mechanism for tunicamycin-induced
apoptosis in intestinal epithelial cells and its feed-back regulation by mTORC1. TUN, tunicamycin
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stress [35]. Rapamycin might enhance the interaction be-
tween JNK and Sab, thus, leading to increased cell death
and intestinal barrier dysfunction, which is independent
of IRE11α. Moreover, we found that rapamycin
treatment led to a marked decrease in Bcl-2, an anti-
apoptotic protein, in the presence of both rapamycin
and tunicamycin, indicating an involvement of mito-
chondrial dysfunction in this process. Analysis of activity
of enzymes involved in mitochondrial respiration chain
and production of reactive oxygen species will be helpful
to address this question. Even though mechanisms re-
sponsible for the ER stress-independent regulation of
CHOP and JNK is currently unknown, enhanced JNK
protein level and decreased Bcl-2 acted together to in-
crease apoptosis in the combination treatment. Experi-
ments are needed to uncover the underlying regulatory
mechanisms. This line of basic research will help to pre-
vent or ameliorate intestinal dysfunction in animals that
often occurs under practical feeding and production
conditions on farms [36].

Conclusions
In conclusion, results of this study indicated that tunica-
mycin exposure led to ER stress-associated cell death
which was accompanied by activation of mTORC1 signal-
ing. Inhibition of mTORC1 by rapamycin resulted in en-
hanced cell death and increased intestinal permeability,
suggesting a feed-back loop regulation on ER stress by
mTORC1 signaling. Further study showed that JNK is a
critical protein associated with cell death effect. More
studies are required to elucidate underlying mechanisms,
which might advance our understanding of the complex
interaction between mTORC1 and ER stress signaling in
intestinal epithelial cells.

Abbreviations
4EBP1: Eukaryotic translation initiation factor 4E binding protein 1;
ATF4: Activating transcription factor 4; ATF6: Activating transcription factor 6;
Bcl-2: B-cell leukaemia/lymphoma 2; BiP: Binding immunoglobulin protein;
CHOP: C/EBP homologous protein; DDIT3: DNA damage-inducible transcript 3;
ER: Endoplasmic reticulum; ERK1/2: Extracellular signal-regulated kinase 1/2;
IRE1: Inositol-requiring enzyme 1; JNK: C-Jun N-terminal kinase;
mTORC1: Mechanistic target of rapamycin complex 1; p70S6K: 70 kDa
ribosomal protein S6 kinase; PERK: Protein kinase RNA-like ER kinase;
TEER: Trans epithelial electrical resistance; UPR: Unfolded protein response.;
XBP1s: Spliced X-box binding protein 1

Funding
This work was supported the National Natural Science Foundation of China
(No. 31272451, 31272450, 31572410), Chinese University Scientific Fund
(2015DK001), the 111 Project (B16044), the Program for New Century Excellent
Talents in University (NCET-12-0522), the Agriculture and Food Research
Initiative Competitive Grant from the USDA National Institute of Food and
Agriculture (No. 2014–67015-21770), and Texas A&M AgriLife Research (H-8200).

Availability of data and materials
Data and material sharing applicable to this article.

Authors’ contributions
ZLW and GW designed the research; YJ and XL performed the research; YJ,
ZLW, YY, ZLD, and GW analyzed the data; YJ, ZLW, and GW wrote the paper;
and ZLW and GW had primary responsibility for the final content. All authors
read and approved the final manuscript.

Competing interests
The authors declare that they have no conflicts of interest.

Author details
1State Key Laboratory of Animal Nutrition,Department of Animal Nutrition
and Feed Science, China Agricultural University, Beijing 100093, China.
2Department of Animal Science, Texas A&M University, College Station, TX,
USA.

Received: 11 October 2017 Accepted: 11 April 2018

References
1. Ma X, Dai Z, Sun K, Zhang Y, Chen J, Yang Y, et al. Intestinal epithelial cell

endoplasmic reticulum stress and inflammatory bowel disease
pathogenesis: an update review. Front Immunol. 2017;8:1271.

2. Fribley A, Zhang K, Kaufman RJ. Regulation of apoptosis by the unfolded
protein response. Methods Mol Biol. 2009;559:191–204.

3. Gardner BM, Pincus D, Gotthardt K, Gallagher CM, Walter P. Endoplasmic
reticulum stress sensing in the unfolded protein response. Cold Spring Harb
Perspect Biol. 2013;5(3):a013169.

4. Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: cell life and
death decisions. J Clin Invest. 2005;115(10):2656–64.

5. Kim I, Xu W, Reed JC. Cell death and endoplasmic reticulum stress: disease
relevance and therapeutic opportunities. Nat Rev Drug Discov. 2008;7(12):
1013–30.

6. Kaser A, Blumberg RS. Endoplasmic reticulum stress and intestinal
inflammation. Mucosal Immunol. 2010;3(1):11–6.

7. Kaser A, Martinez-Naves E, Blumberg RS. Endoplasmic reticulum stress:
implications for inflammatory bowel disease pathogenesis. Curr Opin
Gastroenterol. 2010;26(4):318–26.

8. Zhao L, Ackerman SL. Endoplasmic reticulum stress in health and disease.
Curr Opin Cell Biol. 2006;18(4):444–52.

9. Heazlewood CK, Cook MC, Eri R, Price GR, Tauro SB, Taupin D, et al. Aberrant
mucin assembly in mice causes endoplasmic reticulum stress and spontaneous
inflammation resembling ulcerative colitis. PLoS Med. 2008;5(3):e5e4.

10. Kaser A, Blumberg RS. Endoplasmic reticulum stress in the intestinal epithelium
and inflammatory bowel disease. Semin Immunol. 2009;21(3):156–63.

11. Bertolotti A, Wang X, Novoa I, Jungreis R, Schlessinger K, Cho JH, et al.
Increased sensitivity to dextran sodium sulfate colitis in IRE1beta-deficient
mice. J Clin Invest. 2001;107(5):585–93.

12. Kaser A, Lee AH, Franke A, Glickman JN, Zeissig S, Tilg H, et al. XBP1 links ER
stress to intestinal inflammation and confers genetic risk for human
inflammatory bowel disease. Cell. 2008;134(5):743–56.

13. Zhang HS, Chen Y, Fan L, Xi QL, Wu GH, Li XX, et al. The endoplasmic
reticulum stress sensor IRE1alpha in intestinal epithelial cells is essential for
protecting against colitis. J Biol Chem. 2015;290(24):15327–36.

14. Laplante M, Sabatini DM. mTOR signaling in growth control and disease.
Cell. 2012;149(2):274–93.

15. Wullschleger S, Loewith R, Hall MN. TOR signaling in growth and
metabolism. Cell. 2006;124(3):471–84.

16. Polak P, Hall MN. mTOR and the control of whole body metabolism. Curr
Opin Cell Biol. 2009;21(2):209–18.

17. Kato H, Nakajima S, Saito Y, Takahashi S, Katoh R, Kitamura M. mTORC1
serves ER stress-triggered apoptosis via selective activation of the IRE1-JNK
pathway. Cell Death Differ. 2012;19(2):310–20.

18. Kang YJ, Lu MK, Guan KL. The TSC1 and TSC2 tumor suppressors are
required for proper ER stress response and protect cells from ER stress-
induced apoptosis. Cell Death Differ. 2011;18(1):133–44.

19. Appenzeller-Herzog C, Hall MN. Bidirectional crosstalk between
endoplasmic reticulum stress and mTOR signaling. Trends Cell Biol.
2012;22(5):274–82.

20. Dong G, Liu Y, Zhang L, Huang S, Ding HF, Dong Z. mTOR contributes to
ER stress and associated apoptosis in renal tubular cells. Am J Physiol Renal
Physiol. 2015;308(3):F267–74.

Ji et al. Journal of Animal Science and Biotechnology  (2018) 9:38 Page 10 of 11



21. Babcock JT, Nguyen HB, He Y, Hendricks JW, Wek RC, Quilliam LA.
Mammalian target of rapamycin complex 1 (mTORC1) enhances
bortezomib-induced death in tuberous sclerosis complex (TSC)-null cells by
a c-MYC-dependent induction of the unfolded protein response. J Biol
Chem. 2013;288(22):15687–98.

22. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(T)(−Delta Delta C) method. Methods.
2001;25(4):402–8.

23. Logue SE, Cleary P, Saveljeva S, Samali A. New directions in ER stress-
induced cell death. Apoptosis. 2013;18(5):537–46.

24. Afrazi A, Branca MF, Sodhi CP, Good M, Yamaguchi Y, Egan CE, et al. Toll-
like receptor 4-mediated endoplasmic reticulum stress in intestinal crypts
induces necrotizing enterocolitis. J Biol Chem. 2014;289(14):9584–99.

25. Torres J, Danese S, Colombel JF. New therapeutic avenues in ulcerative
colitis: thinking out of the box. Gut. 2013;62(11):1642–52.

26. Fritz T, Niederreiter L, Adolph T, Blumberg RS, Kaser A. Crohn's disease:
NOD2, autophagy and ER stress converge. Gut. 2011;60(11):1580–8.

27. Quaroni A, Isselbacher KJ, Ruoslahti E. Fibronectin synthesis by epithelial crypt
cells of rat small intestine. Proc Natl Acad Sci U S A. 1978;75(11):5548–52.

28. Cao SS, Zimmermann EM, Chuang BM, Song B, Nwokoye A, Wilkinson JE, et al.
The unfolded protein response and chemical chaperones reduce protein
misfolding and colitis in mice. Gastroenterology. 2013;144(5):989–1000. e6

29. Oyadomari S, Mori M. Roles of CHOP/GADD153 in endoplasmic reticulum
stress. Cell Death Differ. 2004;11(4):381–9.

30. Tabas I, Ron D. Integrating the mechanisms of apoptosis induced by
endoplasmic reticulum stress. Nat Cell Biol. 2011;13(3):184–90.

31. Ray RM, Jin S, Bavaria MN, Johnson LR. Regulation of JNK activity in the
apoptotic response of intestinal epithelial cells. Am J Physiol Gastrointest
Liver Physiol. 2011;300(5):G761–70.

32. Iurlaro R, Munoz-Pinedo C. Cell death induced by endoplasmic reticulum
stress. FEBS J. 2016;283(14):2640–52.

33. Castedo M, Ferri KF, Kroemer G. Mammalian target of rapamycin (mTOR):
pro- and anti-apoptotic. Cell Death Differ. 2002;9(2):99–100.

34. Nakamura A, Hara K, Yamamoto K, Yasuda H, Moriyama H, Hirai M, et al. Role
of the mTOR complex 1 pathway in the in vivo maintenance of the intestinal
mucosa by oral intake of amino acids. Geriatr Gerontol Int. 2012;12(1):131–9.

35. Win S, Than TA, Fernandez-Checa JC, Kaplowitz N. JNK interaction with sab
mediates ER stress induced inhibition of mitochondrial respiration and cell
death. Cell Death Dis. 2014;5:e989.

36 Wu G. Principles of Animal Nutrition. CRC Press, Boca Raton, 2017.

Ji et al. Journal of Animal Science and Biotechnology  (2018) 9:38 Page 11 of 11


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Reagents
	Cell culture and treatment
	Cell viability
	Hoechst 33342 staining
	Flow cytometry analysis
	Real-time PCR assay
	Western blot analysis
	Monolayer transepithelial electrical resistance determination
	Monolayer paracellular permeability measurement
	Statistical analysis

	Results
	Induction of ER stress results in apoptosis in IEC-6 cells
	Tunicamycin activates ER stress signaling in intestinal epithelial cells
	Tunicamycin exposure led to activation of mTORC1 signalling
	Inhibition of mTORC1 signaling with rapamycin sensitizes cells to ER stress-associated apoptosis
	Effects of rapamycin on intestinal permeability in tunicamycin-challenged cells

	Discussion
	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Author details
	References

