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Endoplasmic reticulum stress promotes
epithelial‑mesenchymal transition via the PERK signaling
pathway in paraquat‑induced pulmonary fibrosis
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Abstract. Pulmonary fibrosis is the primary reason for
mortality in patients with paraquat (PQ) poisoning. Our
previous study demonstrated that epithelial‑mesenchymal
transition (EMT) had a role in PQ‑induced pulmonary fibrosis.
However, the role of endoplasmic reticulum (ER) stress in
PQ‑induced EMT remains clear. The present study aimed to
determine the role of ER stress in EMT in PQ‑induced pulmo‑
nary fibrosis. A549 and RLE‑6TN cells were incubated with
LY294002 (a PI3K inhibitor) or transfected with protein kinase
RNA‑like ER kinase (PERK) small interfering RNA (si) for
24 h prior to being exposed to PQ. Next, the expression levels
of ER stress‑related proteins, PI3K/AKT/GSK‑3β signaling
pathway‑related proteins and EMT‑related markers were
analyzed by performing western blotting, reverse transcrip‑
tion‑quantitative PCR and immunofluorescence assays. The
results of the present study revealed that the protein expres‑
sion levels of PERK, phosphorylated (p)‑PERK, p‑eukaryotic
initiation factor 2 (eIF2)α were significantly upregulated
in the PQ group, whereas p‑PI3K, p‑AKT and p‑GSK‑3β
were significantly upregulated in the sicontrol + PQ group
compared with the sicontrol group. In vitro, following trans‑
fection with siPERK or treatment with the PI3K inhibitor,
the protein expression levels of E‑cadherin (an epithelial
marker) were upregulated, whereas the protein expression
levels of α‑SMA (a mesenchymal marker) were downregu‑
lated. Immunofluorescence analysis revealed that the levels
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of E‑cadherin were markedly upregulated, whereas the levels
of α‑SMA were notably downregulated following transfection
with siPERK compared with the sicontrol group. The results
of wound healing assay demonstrated that cell migration in the
siPERK + PQ group was markedly decreased compared with
the sicontrol + PQ group. These indicated that PQ‑induced
EMT was suppressed after silencing PERK. The expression
levels of p‑GSK‑3β, p‑AKT and p‑PI3K were also markedly
downregulated in the siPERK + PQ group compared with the
sicontrol + PQ group. In conclusion, the findings of the present
study suggested that ER stress may promote EMT through the
PERK signaling pathway in PQ‑induced pulmonary fibrosis.
Thus, ER stress may represent a potential therapeutic target for
PQ‑induced pulmonary fibrosis.
Introduction
Paraquat (PQ) is an effective and widely used herbicide that is
associated with high mortality due to accidental or voluntary
ingestion in China, Japan, Singapore and Sri Lanka, particu‑
larly in developing countries (1‑3). PQ causes fatal damage to
multiple organs, particularly the lung, where the concentra‑
tions of PQ may be 6‑ to 10‑fold higher compared with those
in the plasma (4). In the early stages of PQ poisoning, alveolar
epithelial cell damage, inflammatory cell exudate, alveolar
hemorrhaging and edema were all observed (5,6). Meanwhile,
alveolar and interstitial irreversible pulmonary fibrosis are
found to occur in the later stages (7). However, the mecha‑
nism underlying PQ poisoning‑induced pulmonary fibrosis
remains unclear. Thus, it is necessary to explore the possible
pathogenesis of PQ‑induced pulmonary fibrosis.
Epithelial‑mesenchymal transition (EMT) is a process by
which epithelial cells acquire the phenotype of mesenchymal
cells via signaling pathways mediated by TGF‑ β, bone
morphogenetic protein, Wnt/β ‑catenin, Notch, Hedgehog
and receptor tyrosine kinases (8). Downregulated expression
levels of E‑cadherin and zona occludens 1, and upregulated
expression levels of vimentin, fibronectin and α‑smooth
muscle actin (α‑SMA), have been associated with EMT (9‑11).
A number of previous studies have reported that EMT played
a key role in the occurrence and development of pulmonary
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fibrosis (12). In our previous study, PQ induced the occurrence
of EMT in the early stage of PQ poisoning (13,14). These
findings suggested that EMT may play an important role in
PQ‑induced pulmonary fibrosis. However, to the best of our
knowledge, the pathogenesis of PQ‑induced EMT has not been
reported to date.
The endoplasmic reticulum (ER) is a cellular organelle in
which proteins are synthesized, folded and glycosylated (15,16).
Various disturbances, including oxidative stress, have been
found to adversely affect the homeostasis of ER and cause
the accumulation of unfolded proteins, resulting in ER
stress (17,18). Under ER stress conditions, the unfolded protein
response (UPR) is activated to attenuate protein translation,
increase the production of protein folding chaperones and
upregulate the expression of protein‑degrading enzymes (19).
UPR signaling is initiated by three receptors located in the
ER: Nucleus signaling 1/inositol requiring enzyme‑1α, protein
kinase RNA‑like ER kinase (PERK) and activating transcrip‑
tion factor 6 (20). Multiple in vivo and in vitro studies have
reported that ER stress was associated with the development
and progression of pulmonary fibrosis induced by viral infec‑
tions, cigarette smoke, particulates and aging, among other
factors (21,22). Another previous study demonstrated that ER
stress was involved in cell differentiation, and the induction
of ER stress led to EMT (23). Our group previously reported
that the expression levels of the ER stress‑related marker, heat
shock protein family A (Hsp70) member 5 (HSPA5) were
upregulated following PQ poisoning (24). Notably, sodium
tauroursodeoxycholate, a chemical chaperone, was able to
rescue A549 cells from death caused by exposure to PQ (25).
Thus, it was hypothesized that ER stress may regulate EMT in
PQ poisoning‑induced pulmonary fibrosis.
Previous studies have shown that GSK‑3β had an important
role in maintaining the epithelial architecture (26‑28). In addi‑
tion, Snail, one of the key factors regulating EMT, accumulated
in the nucleus following the inhibition of GSK‑3β (29‑31). In our
previous study, the expression levels of GSK‑3β were found to
be downregulated during the early stages of PQ poisoning (32).
Another previous study reported that the inhibition of ER
stress protected cardiomyocytes against toxicity, potentially
through the inactivation of AKT/GSK‑3β signaling (33). The
present study aimed to verify whether ER stress was involved
in modulating EMT, and whether ER stress modulated EMT
via the PI3K/AKT/GSK‑3β signaling pathway following PQ
poisoning.
Materials and methods
Materials. DMEM (high glucose), trypsin and FBS were
purchased from Gibco; Thermo Fisher Scientific, Inc.
Standardized PQ powder and LY294002 were purchased from
Sigma‑Aldrich; Merck KGaA. Anti‑PERK (cat. no. ab229912),
anti‑eukaryotic initiation factor 2α (eIF2α; cat. no. ab169528),
anti‑phosphorylated (p)‑eIF2α (cat. no. ab32157), anti‑HSPA5
(cat. no. ab108615), anti‑α‑SMA (cat. no. ab119952), anti‑PI3K
(cat. no. ab32089), anti‑p‑PI3K (cat. no. ab182651) and
anti‑GAPDH (cat. no. ab8245) primary antibodies were obtained
from Abcam. Anti‑GSK‑3β (cat. no. 12456), anti‑p‑GSK‑3β
(cat. no. 5558), anti‑AKT (cat. no. 9272), anti‑p‑AKT
(cat. no. 4060) and anti‑E‑cadherin (cat. no. 14472) primary

antibodies were purchased from Cell Signaling Technology, Inc.
HRP‑labeled secondary antibody (cat. nos. A0216 and A0208)
and the anti‑p‑PERK (Thr982; cat. no. AF5902) antibody were
purchased from Beyotime Institute of Biotechnology. Highly
sensitive ECL reagent and PVDF membranes were obtained
from Bio‑Rad Laboratories, Inc. Lipofectamine 2000® reagent
was purchased from Invitrogen; Thermo Fisher Scientific, Inc.,
while small interfering RNA (siRNA/si) was obtained from
Shanghai GenePharma Co., Ltd.
Cell culture. Human lung adenocarcinoma epithelial cells
(A549) and rat alveolar type II cells (RLE‑6TN) were
purchased from the American Type Culture Collection. A549
cells are a suitable cell model that display numerous proper‑
ties in common with human alveolar epithelial cells; therefore,
they are often used to research the mechanism of pulmonary
fibrosis (34,35). A549 cells were cultured in DMEM (high
glucose) supplemented with 10% heat‑inactivated FBS,
while RLE‑6TN cells were cultured in F‑12 medium (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10%
heat‑inactivated FBS. A549 and RLE‑6TN cells were main‑
tained at 37˚C in a humidified incubator containing 5% CO2.
Cells were treated with PQ (800 µmol/l for A549 cells and
160 µmol/l for RLE‑6TN cells; dissolved in PBS) for 24 h. The
morphological alterations of cells were observed using phase
contrast microscopy (Thermo Fisher Scientific, Inc.).
Western blotting. Following treatment with siRNA or PQ,
total protein was extracted from cells using RIPA lysis buffer
(Beyotime Institute of Biotechnology) and total protein was
quantified using a BCA protein assay kit (Beyotime Institute
of Biotechnology). Proteins (50 µg per lane) were separated via
8% SDS‑PAGE and then transferred onto PVDF membranes,
which were blocked with 5% non‑fat milk in TBST (0.05%
Tween 20) for 2 h at room temperature. The membranes were
then incubated at 4˚C overnight with the following primary
antibodies: Anti‑PERK (1:1,000), anti‑p‑PERK (1:1,000),
anti‑eIF2 α (1:1,000), anti‑p‑eIF2 α (1:1,000), anti‑HSPA5
(1:1,000), anti‑E‑cadherin (1:500), anti‑ α ‑SMA (1:200),
anti‑PI3K (1:1,000), anti‑p‑PI3K (1:1,000), anti‑AKT (1:1,000),
anti‑p‑AKT (1:1,000), anti‑GSK‑3β (1:200), anti‑p‑GSK‑3β
(1:200) and anti‑GAPDH (1:500). Following the primary
antibody incubation, the membranes were incubated with the
appropriate HRP‑conjugated secondary antibody (1:3,000) at
room temperature for 2 h. Protein bands were visualized using
ECL reagent and densitometric analysis was performed using
ImageJ software (version 1.52g; National Institutes of Health).
All experiments were repeated at least three times.
Cell transfection. A549 (2x10 4 /well) and RLE‑6TN
(5x104/well) cells were seeded into 6‑well plates and divided
into four groups: i) sicontrol (transfected with scrambled
RNA); ii) siPERK; iii) sicontrol + PQ; and iv) siPERK +
PQ. Cells were transfected with 200 pmol siRNA (sicontrol
or siPERK) using Lipofectamine 2000® (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's protocol
at 37˚C in a humidified incubator containing 5% CO2. For
A549 cells, the sequence of siPERK was 5'‑GAAG CUACA
UUGUCUAUUU‑3' and the sequence of sicontrol was 5'‑AAC
CACUCAACUU UUUCCCAA‑3'. For RLE‑6TN cells, the
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sequence of siPERK was 5'‑AAGUAGA AGAGACCAUGC
CUGC UCC‑3' and the sequence of sicontrol was 5'‑ACG
UGACACGUUCGGAGAATT‑3'. At 48 h post‑transfection,
800 µmol/l (for A549 cells) or 160 µmol/l (for RLE‑6TN
cells) PQ (dissolved in PBS) was added to the sicontrol + PQ
and siPERK + PQ groups for 24 h at 37˚C in a humidified
incubator containing 5% CO2. The doses of PQ were selected
according to our previous study (14).
Reverse transcription‑quantitative PCR (RT‑qPCR). Total
RNA was extracted from A549 and RLE‑6TN cells using
RNAiso Plus reagent (Takara Biotechnology Co., Ltd.)
according to the manufacturer's protocol. The concentration
of total RNA was determined using an ultraviolet spectropho‑
tometer. Total RNA was reverse transcribed into cDNA using
a HiScript II Q RT SuperMix for qPCR (Vazyme Biotech
Co., Ltd.) according to the manufacturer's instructions. qPCR
was subsequently performed using a ChamQ™ SYBR qPCR
Master mix (Vazyme Biotech Co., Ltd.) on an ABI ViiA™
7 Real‑Time PCR system (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The following thermocycling conditions were
used for qPCR: 95˚C for 2 min, 60˚C for 30 sec and 72˚C for
30 sec. The following primer pairs for β‑actin and PERK were
provided by Sangon Biotech Co., Ltd.: Human PERK forward,
5'‑GGACCTCAAG CCATCCAACA‑3' and reverse, 5'‑TCC
TGGT CCATTG CAGTCAC‑3'; human β ‑actin forward,
5'‑CTGGAACGGTGAAGGTGACA‑3' and reverse, 5'‑AAG
GGAC TTC CTGTAACAATGCA‑3'; rat PERK forward,
5'‑GGAA ACG AGAGCC GGATTTATT‑3' and reverse,
5'‑ACTATGTCCATTATGG CAG CTTC‑3'; and rat β ‑actin
forward, 5'‑AGGATGCAGA AGGAGATTACTG C‑3' and
reverse, 5'‑AAAACGCAGCTCAGTA ACAGTGC‑3'. mRNA
expression levels were quantified using the 2‑ΔΔCq method (36).
Immunofluorescence assay. A549 (5x105/well) cells were
incubated with anti‑E‑cadherin (1:50) or anti‑α‑SMA (1:50)
primary antibodies at 4˚C overnight, washed with TBST
(0.05% Tween‑20) for 5 min at room temperature thrice,
fixed with 4% paraformaldehyde (Beyotime Institute of
Biotechnology) for 10 min at room temperature, blocked with
5% BSA (Beyotime Institute of Biotechnology) for 2 h at
room temperature and incubated with fluorescent secondary
antibodies (Alexa Fluor 488‑labeled Goat Anti‑Mouse
IgG and Alexa Fluor 647‑labeled Goat Anti‑Mouse IgG;
1:200) in a humidified chamber for 2 h at 37˚C. The cell
nuclei were stained with 4',6‑diamidino‑2‑phenylindole at
room temperature for 5 min. Stained cells were visualized
using a laser confocal microscope (Leica TCS SP8; Leica
Microsystems GmbH).
Wound healing. A549 (2x10 4/well) were cultured in 6‑well
plates and transfected with siPERK. After 48 h, PQ
(800 µmol/l) was added to treat the cells in the corresponding
groups for 24 h at 37˚C in a humidified incubator containing
5% CO2. At 70% confluence, a scratch was then made in the
center of the cell monolayer with a 10‑µl Eppendorf pipette tip.
The culture medium was replaced with FBS‑free medium and
cells were visualized under a light microscope. The change in
the width of the scratch was photographed at 0 and 24 h using
an EVOS cell imaging system (Thermo Fisher Scientific, Inc.).
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Inhibitor intervention. LY294002 (Selleck Chemicals), a
PI3K inhibitor, was used to block the PI3K/AKT signaling
pathway (37). Briefly, 20 µM LY294002 was dissolved with
0.1% DMSO and added into the cell culture medium of both
cell lines (2x104/well for A549 and 5x104/well for RLE‑6TN)
seeded into 6‑well plates, while cells exposed to the corre‑
sponding concentration of DMSO (0.1%) were used as the
control at 37˚C. Following 24 h of LY294002 or DMSO incu‑
bation, the cells were treated with PQ (800 µmol/l for A549
and 160 µmol/l for RLE‑6TN) for 24 h at 37˚C. Subsequently,
cells were collected by digestion with trypsin followed by
centrifugation at 1,000 x g for 3 min at 4˚C.
Statistical analysis. Statistical analysis was performed using
SPSS 16.0 software (SPSS, Inc.). All data are presented as
the mean ± SD of three independent experiments. Statistical
comparisons between two groups were performed using
an unpaired Student's t‑test. Multigroup comparisons were
performed using a one‑way ANOVA followed by a Bonferroni's
correction post hoc test. P<0.05 was considered to indicate a
statistically significant difference.
Results
ER stress participates in the process of PQ poisoning. Our
previous study indicated that the expression levels of HSPA5,
an ER stress‑marker protein, were significantly upregulated
following 2 h of PQ poisoning (24). To validate whether ER
stress‑related signals exerted a role in PQ‑induced lung injury,
the present study performed western blotting to analyze the
expression levels of proteins involved in ER stress in PQ‑treated
A549 and RLE‑6TN cells. The results revealed that the expres‑
sion levels of HSPA5 were significantly upregulated following
PQ treatment compared with the control group in both cell
lines (Fig. 1A, B, D and E). In addition, the protein expression
levels of PERK, p‑PERK/PERK and p‑eIF‑2α/eIF‑2α, which
are all involved in ER stress‑related signaling (38,39), were
all significantly upregulated in the PQ group compared with
the control group in both cell lines (Fig. 1A-E). These results
suggested that PERK signaling in ER stress was activated
during PQ poisoning.
Role of PERK signaling in ER stress in regulating PQ‑induced
EMT in vitro. A previous study indicated that ER stress may
be involved in cell differentiation and apoptosis (40). To
evaluate whether PQ induced pulmonary fibrosis through
the PERK‑mediated signaling of ER stress, the present study
blocked PERK signaling by transfection with siPERK in
both cell lines. The expression levels of PERK mRNA in the
siPERK group were significantly decreased compared with
those in the sicontrol group. The mRNA expression levels
of PERK were significantly downregulated in the siPERK +
PQ group compared with the sicontrol + PQ group in both
cell lines (Fig. 2A and B). In addition, the protein expres‑
sion levels of PERK and p‑PERK/PERK were significantly
downregulated in the siPERK + PQ group compared with
the sicontrol + PQ group (Fig. 2C and D). In A549 cells,
the expression of p‑eIF‑2 α /eIF‑2 α was downregulated in
the siPERK + PQ group compared with the sicontrol + PQ
group. Meanwhile, in the siPERK + PQ group, the protein
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Figure 1. Endoplasmic reticulum stress participates in the progression of PQ poisoning. (A) A549 cells were treated with PQ for 24 h. The expression levels
of HSPA5, PERK, p‑PERK, eIF‑2α and p‑eIF‑2α were analyzed using western blotting. (B) The relative expression levels of HSPA5, PERK and eIF‑2α in
A549 cells. (C) The relative expression levels of p-PERK and p-eIF‑2α in A549 cells. (D) RLE‑6TN cells were treated with PQ for 24 h. The expression levels
of HSPA5, PERK, p‑PERK, eIF‑2α and p‑eIF‑2α were analyzed using western blotting. (E) The relative expression levels of HSPA5, PERK and eIF‑2α in
RLE-6TN cells. (F) The relative expression levels of p-PERK and p-eIF‑2α in RLE-6TN cells. GAPDH served as the loading control. Data are presented as the
mean ± SD from three independent experiments. *P<0.05, **P<0.01 vs. Control. PQ, paraquat; HSPA5, heat shock protein family A (Hsp70) member 5; PERK,
protein kinase RNA‑like ER kinase; p‑, phosphorylated; eIF‑2α, eukaryotic initiation factor 2α.

expression levels of E‑cadherin (an epithelial marker) were
upregulated, while the protein expression levels of α‑SMA (a
mesenchymal marker) were downregulated compared with
the sicontrol + PQ group (Fig. 2C and D). Similar results were
obtained for RLE‑6TN cells (Fig. 2F-H). Immunofluorescence
analysis revealed that the expression levels of E‑cadherin were
markedly upregulated in the siPERK + PQ group compared with
the sicontrol + PQ group, wheras the expression levels of α‑SMA
were notably downregulated at 24 h in A549 cells in the siPERK
+ PQ group compared with the sicontrol + PQ group (Fig. 3A).
A549 and RLE‑6TN cells were observed to undergo transition
from a polygonal to a fusiform morphology in the sicontrol + PQ
group compared with the sicontrol group under phase contrast
microscopy; however, this change was attenuated in the siPERK

+ PQ group compared with the sicontrol + PQ groups (Fig. 3B).
The results of the wound healing assay demonstrated that cell
migration in the sicontrol + PQ group was increased compared
with the sicontrol group, while cell migration in the siPERK +
PQ group was markedly decreased compared with the sicontrol
+ PQ group (Fig. 3C). These data indicated that PQ‑induced
EMT may be regulated by PERK signaling, which is an ER
stress‑regulated signaling pathway.
PERK signaling in ER stress may regulate PQ‑induced EMT
via the PI3K/AKT/GSK‑3β signaling pathway. The results of our
previous study demonstrated that PERK‑regulated ER stress had
a significant effect on PQ‑induced EMT; however, the under‑
ling mechanism remained unclear (24). The expression levels
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Figure 2. Role of PERK signaling in endoplasmic reticulum stress and regulation of PQ‑induced epithelial‑mesenchymal transition in vitro. siPERK was
transfected into (A) A549 and (B) RLE‑6TN cells for 48 h. Cell lines were then treated with PQ for 24 h. mRNA expression levels of PERK were analyzed
using reverse transcription‑quantitative PCR. PERK, p‑PERK, eIF‑2α, p‑eIF‑2α, E‑cadherin and α‑SMA protein expression levels in (C) A549 cells were
analyzed using western blotting. (D) The relative expression levels of PERK, eIF‑2α, E‑cadherin and α-SMA in A549 cells. (E) The relative expression levels of
p-PERK and p-eIF‑2α in A549 cells. (F) PERK, p‑PERK, eIF‑2α, p‑eIF‑2α, E‑cadherin and α‑SMA protein expression levels in RLE‑6TN cells were analyzed
using western blotting. (G) The relative expression levels of PERK, eIF‑2α, E‑cadherin and α-SMA in RLE-6TN cells. (H) The relative expression levels of
p-PERK and p-eIF‑2α in RLE-6TN cells. GAPDH served as a loading control. Data are presented as the mean ± SD from three independent experiments.
*
P<0.05, **P<0.01 vs. sicontrol; #P<0.05, ##P<0.01 vs. sicontrol + PQ. PQ, paraquat; si, small interfering RNA; PERK, protein kinase RNA‑like ER kinase;
p‑, phosphorylated; α‑SMA, α‑smooth muscle actin; eIF‑2α, eukaryotic initiation factor 2α.

of proteins associated with the PI3K/AKT/GSK‑3β signaling
pathway were subsequently determined via western blotting
following the knockdown of PERK and PQ poisoning. The total
proteins of GSK‑3β, AKT and PI3K in each group displayed
no significant differences (Fig. 4A and B). The results revealed
that PERK silencing significantly downregulated the protein
expression levels of p‑GSK‑3β/GSK‑3β, p‑AKT/AKT and

p‑PI3K/PI3K in the siPERK + PQ group compared with
the sicontrol + PQ group in both cell lines (Fig. 4A and C).
Thus, it was suggested that PQ may induce EMT through
the PERK‑mediated PI3K/AKT/GSK‑3β signaling pathway.
PI3K/AKT/GSK‑3β signaling regulates PQ‑induced EMT. A
recent study indicated that the PI3K/AKT/GSK‑3β signaling

6

MENG et al: ER STRESS PROMOTES PARAQUAT-INDUCED PULMONARY FIBROSIS

Figure 3. Epithelial‑mesenchymal transition is altered following the knockdown of PERK. (A) Immunofluorescence assay was used to determine E‑cadherin
and α‑SMA expression following the knockdown of PERK in A549 cells. Morphological changes of (B) A549 and (C) RLE‑6TN cells were observed under
phase contrast microscopy following PERK silencing. Magnification, x100. (C) Cell migration was evaluated using a wound healing assay after the knockdown
of PERK in in A549 cells. Magnification, x100. Data are presented as the mean ± SD from three independent experiments. α‑SMA, α‑smooth muscle actin;
PERK, protein kinase RNA‑like ER kinase; si, small interfering RNA; PQ, paraquat.

pathway, which can mediate survival, migration and apoptosis,
also played an important role in TGF‑β1‑induced EMT (41).
Therefore, the present study investigated the expression
levels of proteins related to the PI3K/AKT/GSK‑3β signaling
pathway in A549 and RLE‑6TN cells following treatment
with a PI3K‑specific inhibitor, and investigated its role in PQ
poisoning. The total proteins of GSK-3β,AKT and PI3K in
each group displayed no significant differences (Fig. 5A, B, D
and E). The present results revealed that the protein expression
levels of p‑PI3K/PI3K, p‑AKT/AKT and p‑GSK‑3β/GSK‑3β
were significantly upregulated in the DMSO + PQ group
compared with the DMSO group in A549 (Fig. 5A and C)

and RLE‑6TN cells (Fig. 5D and F). To verify the role of the
PI3K/AKT/GSK‑3β signaling pathway in PQ‑induced EMT,
the PI3K‑specific inhibitor, LY294002, was used to block
PI3K/AKT signaling. The results revealed that LY294002
partially reversed the PQ‑induced upregulation in p‑GSK‑3β,
p‑AKT and p‑PI3K expression levels in both cell lines (Fig. 5A,
C, D and F). In addition, LY294002 + PQ group partially
alleviated the downregulated E‑cadherin expression levels
and upregulated α‑SMA expression levels compared with
the DMSO + PQ group (Fig. 5A, B, D and E). These results
indicated that the PI3K/AKT/GSK‑3β signaling pathway may
regulate PQ‑induced EMT.
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Figure 4. Expression levels of PI3K/AKT/GSK‑3β signaling pathway‑related proteins following the knockdown of PERK. siPERK was transfected into
(A) A549 cells for 48 h and were then treated with PQ for 24 h. The expression levels of PI3K, p‑PI3K, AKT, p‑AKT, GSK‑3β and p‑GSK‑3β were analyzed
using western blotting. (B) The relative expression levels of PI3K, AKT and GSK‑3-β in A549 cells. (C) The relative expression levels of p-PI3K, p-AKT
and p-GSK‑3-β in A549 cells. (D) siPERK was transfected into RLE‑6TN cells for 48 h and cells were then treated with PQ for 24 h. The expression levels
of PI3K, p‑PI3K, AKT, p‑AKT, GSK‑3β and p‑GSK‑3β were analyzed using western blotting. (E) The relative expression levels of PI3K, AKT and GSK‑3-β
in RLE-6TN cells. (F) The relative expression levels of p-PI3K, p-AKT and p-GSK‑3-β in RLE-6TN cells. GAPDH served as the loading control. Data are
presented as the mean ± SD from three independent experiments. **P<0.01 vs. Control; #P<0.05, ##P<0.01 vs. sicontrol + PQ. PQ, paraquat; PERK, protein
kinase RNA‑like ER kinase; p‑, phosphorylated; eIF‑2α, eukaryotic initiation factor 2α; α‑SMA, α‑smooth muscle actin; si, small interfering RNA.

Discussion
PQ poisoning has been reported as a major public health
concern, as it accumulates and induces lung alveolar epithelial
cell damage (4,42). To date, to the best of our knowledge, there
is no effective therapeutic method to prevent PQ poisoning,
and its molecular mechanism in lung toxicity remains unclear.
The final clinical outcome of PQ poisoning is collagen
deposition in the lung; however, the mechanism that leads to
pulmonary fibrosis is still unclear (4). In the present study, the
roles of ER stress on EMT in PQ‑induced pulmonary fibrosis
were investigated, as well as the possible underlying signaling
pathways involved in the mechanism.
Fibroblasts accumulate via three mechanisms: i) Proliferation
and differentiation of resident lung fibroblasts; ii) EMT; and

iii) transformation of bone marrow‑derived cells or circulating
progenitors to fibroblasts (43,44). Fibroblasts transformed by
EMT account for ~50% of the total number of fibroblasts (45).
EMT is characterized by the loss of epithelial markers and the
acquisition of mesenchymal markers (46). In the present study,
alveolar epithelial cells exhibited features of EMT, including
downregulated expression levels of the epithelial marker
E‑cadherin and upregulated expression of the mesenchymal
marker α‑SMA, at the early stage of PQ poisoning in vitro. The
results of the present study suggested that EMT may play a key
role in the progression of PQ‑induced pulmonary fibrosis.
The ER is an organelle that provides a unique environ‑
ment for protein synthesis, post‑translational modifications
and folding (47). ER stress is induced when cell homeostasis
is altered and the unfolding of proteins increases (48,49).

8

MENG et al: ER STRESS PROMOTES PARAQUAT-INDUCED PULMONARY FIBROSIS

Figure 5. PI3K/AKT/GSK‑3β signaling pathway regulates PQ‑induced epithelial‑mesenchymal transition. (A) Following 24 h of incubation with the PI3K
inhibitor, LY294002, A549 cells were treated with PQ for 24 h. The expression levels of α‑SMA, E‑cadherin, PI3K, p‑PI3K, AKT, p‑AKT, GSK‑3β and
p‑GSK‑3β were analyzed using western blotting. (B) The relative expression levels of α‑SMA, E‑cadherin, PI3K, AKT and GSK‑3-β in A549 cells. (C) The
relative expression levels of p-PI3K, p-AKT and p-GSK‑3-β in A549 cells. (D) Following 24 h of incubation with the PI3K inhibitor, LY294002, RLE‑6TN cells
were treated with PQ for 24 h. The expression levels of α‑SMA, E‑cadherin, PI3K, p‑PI3K, AKT, p‑AKT, GSK‑3β and p‑GSK‑3β were analyzed using western
blotting. (E) The relative expression levels of α-SMA, E‑cadherin, PI3K, AKT and GSK‑3-β in RLE-6TN cells. (F) The relative expression levels of p-PI3K,
p-AKT and p-GSK‑3-β in RLE-6TN cells. GAPDH served as the loading control. Data are presented as the mean ± SD from three independent experiments.
**
P<0.01 vs. DMSO; #P<0.05, ##P<0.01 vs. DMSO + PQ. PQ, paraquat; PERK, protein kinase RNA‑like ER kinase; p‑, phosphorylated; eIF‑2 α, eukaryotic
initiation factor 2α; α‑SMA, α‑smooth muscle actin.

Previous studies have reported that PQ induces alveolar
epithelial cell injury through the ER stress pathway (46,50,51).
PQ poisoning was also discovered to promote the produc‑
tion of reactive oxygen species (ROS) (52,53). In addition
to the enhancement of lipid peroxidation and regulation of
apoptosis, ROS can also inactivate key enzymes in metabolic
pathways, which disrupts protein folding, thereby leading to ER
stress (53,54). Under ER stress conditions, the expression levels
of the HSPA5 protein were found to be upregulated, and PERK
was activated, which led to the phosphorylation of eIF‑2α (55).
In our previous study, HSPA5 levels were increased during
the early stages of PQ poisoning (24). In the present study,
PQ upregulated the expression levels of PERK and p‑eIF‑2α.
In addition, PQ‑induced EMT was significantly alleviated

after silencing PERK in alveolar epithelial cells. Thus, these
data indicated that ER stress may be involved in PQ‑induced
pulmonary fibrosis, and that the PERK signaling pathway may
be activated to promote EMT.
GSK‑3β, which is required for the maintenance of epithelial
architecture, was discovered to serve a fundamental role in
EMT (27,56). Snail, an EMT‑promoting factors, was found
to be negatively regulated by GSK‑3 β (29‑31,57). In our
previous study, GSK‑3β expression levels were downregulated
following treatment with PQ. GSK‑3β is also a downstream
target of AKT, and AKT activity enhances the phosphoryla‑
tion of GSK‑3β, leading to a reduction in its activity (32). To
further investigate the mechanisms of PI3K/AKT/GSK‑3β
signaling in PQ‑induced EMT, the PI3K inhibitor LY294002
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was used, and its effects on PI3K/AKT/GSK‑3β signaling
were determined. The present results demonstrated that
LY294002 could partially attenuate the upregulated p‑PI3K,
p‑AKT and p‑GSK‑3β expression levels induced by PQ, and
the LY294002 + PQ group alleviated the downregulated
E‑cadherin expression levels and upregulated α‑SMA expres‑
sion levels compared with the DMSO + PQ group. These
findings indicated that the PI3K/AKT/GSK‑3 β signaling
pathway may be associated with EMT in PQ‑induced pulmo‑
nary fibrosis.
A previous study indicated that ER stress may promote
cardiomyocyte damage through AKT/GSK‑3 β /NADPH
oxidase 4 signaling (33). To investigate the potential
mechanism of ER stress‑induced EMT in PQ poisoning, the
expression levels of PI3K, p‑PI3K, AKT, p‑AKT, GSK‑3β
and p‑GSK‑3β were analyzed in both A549 and RLE‑6TN
cells. The present results revealed that the expression levels
of p‑GSK‑3β, p‑AKT and p‑PI3K were downregulated in
the siPERK + PQ group compared with the sicontrol + PQ
group. These results suggested that ER stress may regulate
EMT through the PI3K/AKT/GSK‑3β signaling pathway in
PQ‑induced pulmonary fibrosis.
In conclusion, the results of the present study further eluci‑
dated the molecular mechanism of PQ‑induced pulmonary
fibrosis. ER stress was activated in type II alveolar epithelial
cells, and it was discovered to regulate EMT through the
PI3K/AKT/GSK‑3β signaling pathway in PQ‑induced pulmo‑
nary fibrosis. Therefore, inhibiting ER stress‑induced EMT in
pulmonary epithelial cells may represent a promising strategy
for treating PQ poisoning and pulmonary fibrosis in the clinic.
However, the present study only studied the mechanism
in vitro, while the results were not validated in vivo. Therefore,
further investigations are required to validate the current find‑
ings.
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