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Curcumin relieves paraquat-induced lung injury through
inhibiting the thioredoxin interacting protein/NLR pyrin
domain containing 3-mediated inflammatory pathway

YIREN, ZHIZHOU YANG, ZHAORUI SUN, WEI ZHANG, XIN CHEN and SHINAN NIE

Department of Emergency Medicine, Jinling Hospital, Medical School of Nanjing University,
Nanjing, Jiangsu 210002, PR. China

Received July 19, 2018; Accepted May 30, 2019

DOI: 10.3892/mmr.2019.10612

Abstract. When paraquat (PQ) enters the human body,
it increases oxidative stress and inflammation, ultimately
resulting in acute lung injury (ALI). Curcumin, a naturally
occurring compound, has been reported to ameliorate
PQ-induced ALI; however, the underlying molecular mecha-
nisms remain unclear. In the present study, normal lung
fibroblasts (WI-38VA13) were treated with 10 gmol/l PQ for
48 h, followed by a further 48 h incubation with 300 gmol/l
curcumin. Cells were then harvested to determine their
viability. Flow cytometry was performed to analyze the levels
of reactive oxygen species (ROS) and the rate of apoptosis.
The levels of apoptotic proteins and activation of the thiore-
doxin interacting protein/NLR pyrin domain containing 3
(TXNIP/NLRP3) axis were measured via reverse transcrip-
tion-quantitative polymerase chain reaction and western blot
analyses. Proinflammatory cytokine levels were examined
using enzyme-linked immunosorbent assays. Finally, the
expression levels of Notchl, extracellular signal-regulated
kinase 1/2 (ERK1/2) and phosphorylated-ERK1/2 were
evaluated via western blotting. Following treatment with
curcumin, PQ-induced increases in ROS levels and apoptosis
were significantly attenuated, and Bcl-2 expression levels were
upregulated, whereas those of Bax were downregulated. It
was also observed that curcumin treatment downregulated the
expression levels of TXNIP, NLRP3, interleukin (IL)-1p and
IL-18, and downstream caspase-1 compared with PQ treatment
alone. Curcumin significantly attenuated the upregulation of
Notch1 without affecting ERK1/2 phosphorylation. The present
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findings suggested that the inhibitory effects of curcumin on
TXINPI may inhibit activation of the NLRP3 inflammasome,
subsequently suppressing the upregulation of proinflammatory
cytokines and ultimately improving PQ-induced ALI.

Introduction

Paraquat (1,1'-dimethyl-4,4'-bipyridinium dichloride; PQ)
is a widely used herbicide in agricultural production, as it
possesses fast-acting and nonselective properties (1); however,
the mortality rate following PQ poisoning is >90%, due to the
lack of a specific antidote or effective therapy (2). It is known
that the redox response is one of the initial factors involved
in the toxic effects of PQ (3). Potent redox responses to PQ
induce the production of a large quantity of reactive oxygen
species (ROS), subsequently resulting in multiple organ injury
via lipid peroxidation (4,5). The lungs are usually one of
the most damaged organs; accumulation of PQ in the lungs
induces pulmonary edema, hemorrhage and alveolar epithelial
cell destruction, ultimately leading to acute lung injury (ALI),
one of the most frequent causes of PQ poisoning-associated
mortality (6,7). Numerous therapeutic strategies have been
developed to target the pathological mechanisms of PQ
poisoning; however, their clinical efficacies have not been
satisfactory (8-10).

Thioredoxin (Trx) interacting protein (TXNIP) has been
reported to interact with and inhibit Trx, which can modulate
cellular ROS by reducing disulfides into thiol groups (11);
however, under conditions of oxidative stress, the eleva-
tion of ROS levels induces the dissociation of TXINP from
Trx, enabling Trx to contribute to ROS regulation (12).
Of note, certain studies have demonstrated that TXNIP is
involved in the activation of NLR pyrin domain containing 3
(NLRP3) (13). NLRP3, the best characterized inflammasome,
consists of NLRP and the adaptor protein, apoptosis-associated
speck-like protein containing caspase-1 activator domain (14).
When the inflammasome is activated, caspase-1 is cleaved to
generate the active form of caspase-1, which in turn cleaves
interleukin (IL)-1p and IL-18 into their active forms; these
proinflammatory cytokines are subsequently involved in
inflammation (15). Activation of the NLRP3 inflamma-
some has been demonstrated to serve an important role in
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PQ-induced lung damage (16). Therefore, NLRP3 may be a
promising therapeutic target to treat PQ-induced ALI.
Curcumin (C,,H,,0y) is a natural polyphenolic compound,
which can be extracted from the powdered rhizome of
the plant Curcuma longa L. Increasing evidence has indi-
cated that curcumin possesses potent antioxidative and
anti-inflammatory properties, with minimal side effects in
humans (17-19). Notably, the inhibitory effects of curcumin on
NLRP3-mediated inflammatory pathways have been reported,;
for example, Gong et al (20) demonstrated that curcumin
effectively improves dextran sulfate sodium (DSS)-induced
colitis in mice by inhibiting activation of the NLRP3 inflam-
masome; this study also reported that inhibiting the NLRP3
inflammasome in vivo with a specific NLRP3 inhibitor
notably abrogates the additional inhibitory effects of curcumin
on DSS-induced inflammatory bowel disease. Similarly, in
fructose-induced hepatic inflammation, curcumin markedly
inhibits NLRP3 inflammasome activation by upregulating
microRNA-200a in mice, subsequently alleviating hepatic
inflammation (21). Therefore, curcumin may be a promising
drug for the treatment of NLRP3 inflammasome-associated
inflammatory disease. Due to the central role of NLRP3
activation in PQ-induced ALI, the present study aimed to
investigate whether curcumin could regulate activation of the
NLRP3 inflammasome to improve PQ-induced lung damage.

Materials and methods

Cell culture. Normal lung fibroblasts [WI-38VA13; American
Type Culture Collection (ATCC®) CCL-75.1™] were obtained
from the ATCC. Cells were cultured in Minimum Essential
Medium (MEM; ATCC® 30-2003™) and 10% fetal bovine
serum (FBS; ATCC® 30-2020™; both ATCC) in a humidified
atmosphere consisting of 5% CO, at 37°C.

MTT assay. The effects of PQ or curcumin on the viability
of WI-38VA13 cells were determined using an MTT assay
(cat. no. M2128; Sigma-Aldrich; Merck KGaA) as previously
described (22). Briefly, a single-cell suspension was incubated in
96-well plates at a cell density of 4x10° cells/well and supplemented
with MEM containing 10% FBS. To determine the appropriate
experimental concentrations of curcumin and PQ, cells were
treated with a series of concentrations of curcumin (0, 100, 300
and 600 ymol/I; cat. no. 08511; Sigma-Aldrich; Merck KGaA)
or PQ (0, 5, 10 and 20 pgmol/l; cat. no. 36541; Sigma-Aldrich;
Merck KGaA) for 0, 24 or 48 h prior to cell viability detection.
Subsequently, 10 1 MTT solution (5 mg/ml) was added to each
well, and the plates were incubated at 37°C for a further 4 h. After
removing the supernatant, DMSO (cat.no. D2650; Sigma-Aldrich;
Merck KGaA) was added to dissolve the formazan crystals. The
absorbance was detected at 450 nm using a microplate reader
(Shanghai Cany Precision Instrument Co., Ltd.).

Effects of curcumin on PQ-induced WI-38VA 13 cell injury.
WI-38VA13 cells in the logarithmic growth phase were
seeded in culture flasks, and were adjusted to a concentration
of 1-2x10* cells/ml in MEM (500 pul). The following day, the
medium was replaced with MEM containing 2% FBS. The
cells were divided into four groups: Group 1 (Control) was
treated with normal medium (MEM containing 2% FBS) for
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96 h; Group 2 (PQ) was exposed to PQ (10 xmol/l) for 48 h
and then transferred to complete medium (MEM containing
10% FBS) for a further 48-h incubation; Group 3 (PQ + Cur)
was exposed to PQ (10 gmol/l) for 48 h, followed by treatment
with 300 gmol/l curcumin for 48 h; and Group 4 (Cur) was
cultured with normal medium for 48 h and then treated with
curcumin (300 gmol/l) for 48 h. All groups were incubated
in a humidified atmosphere consisting of 5% CO, at 37°C.
The cells were collected at three time points (0, 24 and 48 h)
following completion of the 96 h treatment of cells for further
MTT assays. Other subsequent experiments were conducted
=48 h following completion of the 96-h treatment of cells.

ROS detection assay. WI-38VA13 cells were seeded in
96-well plates (4x10° cells/well) following various treatments.
Following incubation for 48 h, cells were trypsinized and
harvested. A Reactive Oxygen Species Assay kit (Beyotime
Institute of Biotechnology, cat. no. S0033) was used to deter-
mine the ROS levels. Briefly, cells were cultured with complete
medium containing dichlorodihydrofluorescein diacetate at a
final concentration of 10 gmol/I at 37°C for 20 min. The cells
were then harvested and washed with PBS at least three times.
ROS levels were detected using a FACSCalibur flow cytom-
eter (BD Biosciences), using BD CellQuest™ Pro Software
version 5.1 (BD Biosciences).

Cell apoptosis analysis. Cells from each group were
transferred to 96-well plates (4x10° cells/well). Cells were
incubated for 48 h, trypsinized and harvested by centrifuga-
tion at 3,000 x g for 5 min at 4°C. The apoptosis rates were
determined by Annexin-V/PI (propidine iodide) double-stain
assay (BD Biosciences). The cells were resuspended in binding
buffer containing 5 yl Annexin V-FITC. Cells were stained
in the dark for 15 min at room temperature. Subsequently,
5 pl PI was added 5 min before the assay, and the apoptotic
rates of the treated WI-38VA13 cells were determined using
a FACS Calibur flow cytometer (BD Biosciences), using BD
CellQuest™ Pro Software version 5.1 (BD Biosciences).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was extracted from treated
WI-38VA13 cells using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) and was then purified using RNase-free
DNase (Takara Biotechnology Co., Ltd.). A PrimeScript™
First Strand cDNA Synthesis kit (Takara Biotechnology Co.,
Ltd.) was used to synthesize cDNA as previously described (23)
under the following conditions: 65°C for 5 min, 30°C for
6 min and 50°C for 50 min. Sequences of the specific primers
are presented in Table I. An ABI 7500 Fast Real-Time PCR
system (Applied Biosystems; Thermo Fisher Scientific, Inc.)
was used to perform qPCR reactions using a reaction mixture
containing 1 ul forward and reverse primers (10 gmol/l), 10 ul
SYBR fluorescent dye (Applied Biosystems; Thermo Fisher
Scientific, Inc.), 2 ul cDNA and RNase-free dH,O. The ther-
mocycling parameters were as follows: Initial denaturation
at 94°C for 3 min, followed by repeated amplification for 40
cycles at 94°C for 30 sec, 56°C for 30 sec and 72°C for 2 min,
prior to a final step at 72°C for 10 min. GAPDH served as an
internal control. The relative mRNA expression levels were
calculated using the 2224 method (24).
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Enzyme-linked immunosorbent assay (ELISA). The treated
WI-38VA13 cells were collected by centrifugation at
300 x g for 7 min at 4°C. After washing with PBS, the cells
were lysed using cell extraction buffer (cat. no. FNNO0O11;
Thermo Fisher Scientific, Inc.) with PMSF (1 mM) and
protease inhibitor cocktail (cat. no. P-2714; Sigma-Aldrich;
Merck KGaA). Subsequently, the mixture was incubated at
4°C for 30 min. After centrifuging the cells at 13,000 x g
for 10 min at 4°C, the supernatant was removed. IL-1p
and IL-18 levels were determined using IL-1p and IL-18
assay kits (cat. nos. HO02 and HO15; Nanjing Jiancheng
Bioengineering Institute Co., Ltd.), according to the
manufacturer's protocols. The primary IL-1p and IL-18
primary antibodies were added to the wells. The prepared
standard liquid and diluted supernatant (1:4) were added to
ELISA plates. The horseradish peroxidase (HRP)-labeled
secondary antibodies were added to each well, and then the
plate was incubated in a humidified box at 37°C for 60 min.
After the solution was discarded, substrate solution was
added to each well, and the optical density was measured
using a spectrophotometer (cat. no. 722S; Shanghai
Precision & Scientific Instrument Co., Ltd.).

Western blotting. Total protein was extracted from WI-38VA13
cells using RIPA solution (Sigma-Aldrich; Merck KGaA), and
then quantified via a bicinchoninic acid protein assay (Takara
Biotechnology Co., Ltd.). Equal quantities of total protein
(30 pg) were separated by 12% SDS-PAGE and then trans-
ferred to PVDF membranes (EMD Millipore). After blocking
in 5% non-fat milk in TBS-Tween for 1 h at room temperature,
membranes were incubated at 4°C overnight with the following
primary antibodies (all from Cell Signaling Technology, Inc.):
Anti-Bcl-2 (rabbit; 28 kDa; 1:1,000; cat. no. 2872); anti-Bax
(rabbit; 20 kDa; 1:1,000; cat. no. 2774); anti-cleaved caspase-1
(rabbit; 20 kDa; 1:1,000; cat. no. 4199); anti-caspase-1
(rabbit; 48 kDa; 1:1,000; cat. no. 3866); anti-NLRP3 (rabbit;
110 kDa; 1:1,000; cat. no. 15101), anti-TXINP (rabbit; 55
kDa; 1:1,000; cat. no. 14715); anti-Notch1 (rabbit; 120 kDa;
1:1,000; cat. no. 4380), anti-phosphorylated (p)-extracellular
signal-regulated kinase 1/2 (p-ERK1/2; rabbit; 42 and 44 kDa;
1:1,000; cat. no. 9101); anti-ERK1/2 (rabbit; 42 and 44 kDa;
1:1,000; cat. no. 9102); and anti-GAPDH (rabbit; 37 kDa;
1:1,000; cat. no. 5174). Subsequently, membranes were incu-
bated with HRP-conjugated goat anti-rabbit immunoglobulin
G secondary antibodies (1:2,000; cat. no. 7074; Cell Signaling
Technology, Inc.) for 2 h at room temperature. Proteins were
detected using Pierce™ ECL western blotting substrate
(cat. no. 32106; Thermo Fisher Scientific, Inc.). Optical band
density was semi-quantified using Bio-Rad ChemiDoc™
XRS+ System with Image Lab™ Software version 4.1
(Bio-Rad Laboratories, Inc.). GAPDH was used as an internal
control.

Statistical analysis. Statistically significant differences among
three or more groups were analyzed by one-way analysis
of variance followed by Tukey's post hoc test, using SPSS
version 20 (IBM Corp.). Each experiment was repeated three
times. All data were presented as the mean + standard error
of the mean. P<0.05 was considered to indicate a statistically
significant difference.
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Table I. Primers for reverse transcription-quantitative poly-
merase chain reaction.

Gene
name Primer sequences
Bax Forward: 5'-GATGCGTCCACCAAGAAG-3'
Reverse: 5'-AGTTGAAGTTGCCGTCAG-3'
Bcl-2 Forward: 5'-GTTCCCTTTCCTTCCATCC-3'
Reverse: 5'-TAGCCAGTCCAGAGGTGAG-3'
GAPDH Forward: 5'-ATGGCACCGTCAAGGCTGAG-3'
Reverse: 5'-TGTCAGGTACGGTAGTGACG-3'
TXNIP  Forward: 5'-GCTCAATCATGGTGATGTTCA
AG-3'
Reverse: 5'-CTTCACACACTTCCACTGTCAC-3'
NLRP3 Forward: 5'-GGAGAGACCTTTATGAGAAAGC
AA-3
Reverse: 5'-GCTGTCTTCCTGGCATATCACA-3'
Notchl  Forward: 5'-CACCCATGACCACTACCCAGTT-3'

Reverse: 5'-CCTCGGACCAATCAGAGATGTT-3'

NLRP3, NLR pyrin domain containing 3; TXNIP, thioredoxin inter-
acting protein.

Results

Curcumin mitigates PQ-induced apoptosis of WI-38VAI3 cells.
The viability of WI-38VA13 cells was detected at 24 and 48 h. As
shown in Fig. 1A, cell viability was unchanged following treat-
ment with 300 gmol/l curcumin; however, a decrease in viability
was observed in response to treatment with 600 gmol/l curcumin
for 48 h compared with in the control group. In addition, the
effects of 10 gmol/l PQ on cell viability were more noticeable
compared with 5 ymol/l PQ (Fig. 1B). Therefore, 10 zmol/l PQ
was selected to induce lung cell injury and the positive effects
of 300 ymol/l curcumin were assessed on the toxicity of PQ.
As shown in Fig. 2A, the viability of cells treated with PQ
was significantly reduced compared with in the control group,
whereas the cell viability of the PQ + Cur group was higher
than that of the PQ group. In addition, ROS levels and apoptosis
were measured by flow cytometry. As predicted, treatment with
PQ promoted the production of ROS and significantly increased
apoptosis (Fig. 2B and C). As shown in Fig. 2B-E, PQ treat-
ment induced ROS generation and increased the percentage of
apoptotic cells from 4.50 to 24.68% (P<0.01) compared with in
the control group. Conversely, the apoptosis of cells treated with
curcumin alone was no different from that in the control group.
Furthermore, compared with in the PQ-treated group, the ROS
levels were significantly reduced in the PQ + Cur group (P<0.05),
and the percentage of apoptosis fell to 10.92%. These results indi-
cated that curcumin may be able to greatly reduce PQ-induced
ROS production and apoptosis; however, curcumin could not
completely protect lung cells against PQ-induced damage.

Curcumin suppresses apoptosis-associated protein expres-
sion in PQ-damaged WI-38VAI3 cells. The expression
levels of the apoptosis-associated proteins Bcl-2 and Bax
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Figure 1. Effects of curcumin and PQ on cell viability. To determine appropriate experimental concentrations of curcumin and PQ, cells were treated with a
series of curcumin (0-600 gmol/l) or PQ (0-20 #mol/l) concentrations. (A) WI-38VA13 cells were treated with different concentrations of curcumin (100, 300
and 600 pmol/1). (B) WI-38VA13 cells were treated with different concentrations of PQ (5, 10 and 20 gmol/l). Data are presented as the mean =+ standard error
of the mean (n=3). “P<0.05 and “P<0.01 vs. 0 h. Cur, curcumin; OD, optical density; PQ, paraquat.
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Figure 2. Curcumin reduces ROS levels and apoptosis in PQ-treated WI-38VA13 cells. PQ (10 gmol/l) and curcumin (300 ymol/l) were selected as the
experimental concentrations for subsequent experiments. (A) Curcumin enhanced the viability of PQ-damaged WI-38VA13 cells. (B and D) Effects of PQ and
curcumin on ROS levels. (C and E) Effects of PQ and curcumin on the apoptosis of WI-38VA13 cells. Data are presented as the mean + standard error of the
mean (n=3). "P<0.05, “P<0.01 vs. control; "P<0.05, "'P<0.01 vs. PQ; “P<0.05, #*P<0.01 vs. PQ + Cur. Cur, curcumin; OD, optical density; PI, propidium iodide;

PQ, paraquat; ROS, reactive oxygen species.

in WI-38VA13 cells were determined via western blotting
and RT-qPCR. Significantly upregulated Bax mRNA and
protein levels were detected following treatment of cells with
10 gmol/l PQ for 48 h compared with the control; however,
treatment with PQ + Cur significantly decreased the expres-
sion levels of Bax (Fig. 3A-C). Bcl-2, an anti-apoptotic
protein, was significantly downregulated by PQ, whereas

curcumin inhibited these effects and significantly increased
the expression of Bcl-2 (Fig. 3A-C). Conversely, compared
with the effects of curcumin on the protein expression levels
of Bax and Bcl-2 in PQ-damaged cells (PQ + Cur group),
WI-38VA13 cells treated with curcumin alone (Cur group)
exhibited a more upregulated Bcl-2 levels and downregulated
Bax levels.
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Figure 3. Curcumin suppresses apoptosis-associated protein expression in PQ-damaged WI-38VA13 cells. WI-38VAI13 cells were treated with PQ (10 gmol/l)
for 48 h, followed by a further 48-h incubation with curcumin (300 gmol/l). (A-D) Expression levels of Bcl-2 and Bax as determined by western blotting and
reverse transcription-quantitative polymerase chain reaction. GAPDH was used as an internal control. Data are presented as the mean + standard error of the
mean (n=3). "P<0.05, "P<0.01 vs. control; "P<0.05, *"P<0.01 vs. PQ; “P<0.05, #P<0.01 vs. PQ + Cur. Cur, curcumin; PQ, paraquat.
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Figure 4. Curcumin inhibits the TXNIP/NLRP3 axis and proinflammatory cytokine release in PQ-treated WI-38VA13 cells. PQ (10 #mol/l) and curcumin
(300 u#mol/l) were used to study the mechanisms underlying the effects of curcumin on PQ-induced lung cell injury. (A and B) Protein levels of TXNIP,NLRP3,
cleaved caspase-1 and caspase-1 as determined via western blotting. mRNA levels of (C) NLRP3 and (D) TXNIP were detected via reverse transcription-quan-
titative polymerase chain reaction. GAPDH was used as an internal control. Levels of (E) IL-1p and (F) IL-18 were quantified by enzyme-linked immunosorbent
assay. Data are presented as the mean + standard error of the mean (n=3). "P<0.05, “"P<0.01 vs. control; "P<0.05, "'P<0.01 vs. PQ; “P<0.05, #P<0.01 vs. PQ +
Cur. Cur, curcumin; IL, interleukin; NLRP3, NLR pyrin domain containing 3; PQ, paraquat; TXNIP, thioredoxin interacting protein.

Curcumin inhibits the activated TXNIP/NLRP3 axis in cultured  inflammation induced by PQ, the expression levels of TXNIP,
PQ-treated WI-38VAI3 cells. An increasing number of studies ~NLRP3, cleaved caspase-1 and caspase-1 were evaluated by
have reported that inflammation serves an importantrole inlung ~ western blotting and RT-qPCR. As presented in Fig. 4A-D,
injury (25,26). To investigate whether curcumin reduced lung  significant upregulation of TXNIP, NLRP3 and cleaved
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Figure 5. Curcumin modulates signaling pathways in PQ-treated WI-38VA13 cells. (A) Relative mRNA expression levels of Notchl as determined by reverse
transcription-quantitative polymerase chain reaction. (B) Protein expression levels of Notchl, p-ERK1/2 and ERK1/2 as detected via western blotting.
(C) Protein expression levels of Notchl. (D) Ratio of p-ERK1/2 to ERK1/2. GAPDH was used as an internal control. Data are presented as the mean + standard
error of the mean (n=3). "P<0.05, “P<0.01 vs. control; “'P<0.01 vs. PQ; #P<0.01 vs. PQ + Cur. Cur, curcumin; ERK1/2, extracellular signal-regulated kinase

1/2; p, phosphorylated; PQ, paraquat.

caspase-1 was observed in the PQ-treated group compared with
the control; however, there was no significant change observed
in caspase-1 expression. Additionally, following treatment of
lung cells with curcumin, the mRNA and protein expression
levels of TXNIP and NLRP3 were significantly decreased
compared with PQ treatment alone, whereas the effects on
cleaved caspase-1 levels were only slightly attenuated.

To further determine whether curcumin affected
PQ-induced activation of proinflammatory cytokines, the
levels of IL-1p and IL-18 in cell extracts were determined by
ELISA. It was revealed that PQ treatment alone significantly
increased IL-1B and IL-18 levels compared with the control;
however, treatment with curcumin significantly suppressed the
elevated levels of these proinflammatory cytokines (Fig. 4E).
Collectively, these results demonstrated that curcumin
suppressed PQ-induced NLRP3 activation and downstream
inflammatory pathways.

Involvement of signaling pathways in the effects of curcumin
on PQ-induced WI-38VAI3 cell injury. As presented in
Fig. 5A-C, PQ treatment significantly upregulated the mRNA
and protein expression levels of Notchl, whereas they were
significantly reduced by curcumin. Additionally, the levels
of p-ERK1/2 and ERK1/2 were assessed by western blot-
ting (Fig. 5B). The ratio of p-ERK1/2 to total ERK1/2 for
each group is presented in Fig. 5D. Significant increases in
Notchl and p-ERKI1/2/ERK1/2 levels were observed in
the PQ group compared with the control (Fig. 5C and D).
Curcumin treatment significantly attenuated the PQ-induced
upregulation of Notchl; however, no significant difference in
p-ERK1/2/ERK1/2 was observed compared with PQ treat-
ment alone. Of note, significantly increased phosphorylation of
ERK1/2 was also observed following treatment with curcumin
alone compared with the control.
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Figure 6. Schematic illustration of the proposed mechanisms underlying
the effects of curcumin on PQ-induced oxidative stress and inflammatory
response. PQ induces excessive production of ROS, which in turn promotes
the expression of TXNIP. TXINIP not only interacts with Trx and blocks its
antioxidative ability, but also activates the NLRP3-mediated inflammatory
pathway. Curcumin is proposed to inhibit the promoting effects of ROS. IL,
interleukin; NLRP3, NLR pyrin domain containing 3; PQ, paraquat; ROS,
reactive oxygen species; Trx, thioredoxin; TXNIP, Trx interacting protein.

Discussion

The toxic effects of PQ are primarily mediated via oxidative stress
and inflammatory responses (27) In 2014, Tyagi et al (28) reported
that intranasal curcumin directly targets the lungs of mice, and
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significantly improves PQ-induced lung damage by inhibiting the
production of proinflammatory cytokines and ROS. In the present
study, it was revealed that treatment with curcumin significantly
attenuated PQ-induced elevated ROS levels and apoptosis in
WI-38VA13 cells. Additionally, the expression of proteins in the
TXNIP/NLRP3-mediated proinflammatory pathway was deter-
mined, and it was demonstrated that curcumin also significantly
decreased activation of the NLRP3 inflammasome. Furthermore,
downregulation of Notchl was observed, indicating that the
Notch signaling pathway may serve a potential role in the mecha-
nisms underlying the effects of curcumin on PQ-induced ALI.
Collectively, the present findings suggested that curcumin may
aid in relieving oxidative stress and inflammation induced by PQ,
and that these effects may be mediated by decreasing ROS levels
and inhibiting the activation of NLRP3.

Previous studies have reported that PQ poisoning leads to
the depletion of cellular nicotinamide adenine dinucleotide
phosphate by generating large quantities of ROS, which potently
promotes oxidative stress and inflammatory responses, and that
the increasing lipid peroxidation may alter the function of cell
membrane receptors, inducing immune cells to produce ILs
and other inflammatory cytokines (28-30). The Trx/TXNIP
complex has been revealed to be an important regulator of
cellular redox status; overproduction of ROS induces the
separation of Trx and TXNIP, after which Trx promotes the
biosynthesis of manganese superoxide dismutase to inhibit
ROS production (31,32), whereas TXNIP directly interacts
with NLRP3 and promotes activation of the NLRP3 inflam-
masome (13). In 2016, Kim et al (3) demonstrated that ROS
exhibits the ability to induce upregulated TXNIP expression.
In the present study, it was demonstrated that the expression of
TXNIP was significantly increased following PQ treatment. In
addition to affecting the Trx/TXNIP complex, ROS have also
been proposed to directly activate NLRP3 (33,34). The NLRP3
inflammasome serves an important role in inflammation and
innate immunity, and has been reported to be involved in the
pathogenesis of various types of inflammatory diseases (35-37),
including PQ-induced ALI (16). Considering the association
between TXNIP and NLRP3, it was hypothesized that the
mechanisms underlying PQ-induced inflammatory responses
in the lung may be mediated by the promoting effects of ROS
on TXNIP expression and subsequent NLRP3 activation.
In the present study, treatment with curcumin significantly
reduced ROS generation, which may suppress ROS-mediated
activation of the TXNIP/NLRP3 inflammatory pathway,
and downstream caspase-1 cleavage, and IL-1p and IL-18
secretion. Furthermore, it was observed that the apoptosis of
WI-38VA13 cells was significantly increased by treatment
with PQ. Previous studies revealed that ROS-associated apop-
tosis is mainly associated with the apoptosis-signal kinase
1/Trx/TXNIP and TXNIP/NLRP3 inflammasome signaling
pathways (38,39). According to the results of flow cytometry,
and the expression of the anti-apoptotic protein Bcl-2 and
proapoptotic protein Bax, the present results suggested that
curcumin inhibited PQ-induced apoptosis and inflammation
in WI-38VA13 cells, potentially by reducing ROS generation.

The protein levels of Notchl, p-ERK1/2 and ERK1/2
were also investigated by western blotting. Previous studies
have indicated that activation of Notch signaling promotes
tissue inflammation, neoplasia and metastasis (40,41). In the
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present study, significant upregulation of Notchl was observed
in PQ-treated WI-38VA13 cells. In 2014, Singla et al (42)
confirmed that increased Notchl levels promote proinflamma-
tory cytokine release by activating macrophage differentiation,
whereas inhibiting Notchl expression or blocking the Notch
signaling pathway decreases proinflammatory cytokine
production and secretion. The present findings suggested
that curcumin downregulated Notchl signaling, potentially
subsequently attenuating the synthesis and release of proin-
flammatory cytokines; however, Jiang et al (43) reported that
Notch signaling induces inhibitory effects on NLRP3 activa-
tion by suppressing the high mobility group protein B1/Toll-like
receptor 4/NF-kB pathway in acetaminophen-induced liver
injury, in contrast with the present study. It was also observed
that PQ induced upregulation of p-ERK1/2; however, curcumin
treatment did not significantly affect PQ-induced phosphory-
lation, indicating that ERK1/2 signaling may be involved in
the mechanisms underlying PQ-induced ALI but not those
contributing towards the protective effects of curcumin.
Collectively, Notch signaling may serve a role in the effects
of curcumin on PQ-induced ALI; however, the underlying
molecular mechanisms require further investigation.

The present study possessed certain limitations. Additional
inflammatory cytokines should be measured to more fully
characterize the activation of TXNIP/NLRP3-mediated inflam-
matory pathways. In addition, the mechanisms underlying the
potential involvement of the Notch pathway in the effects of
curcumin on PQ-induced ALI are yet to be investigated.

In conclusion, the present study suggested that PQ poisoning
induced the overproduction of ROS, which may promote TXNIP
expression. TXNIP not only inhibits the antioxidative ability of
Trx, but also contributes to NLRP3 activation, and the matura-
tion and secretion of proinflammatory cytokines (13). Following
treatment with curcumin, inflammation and apoptosis were
significantly decreased, and protein expression analysis suggested
that the beneficial effects of curcumin may be mediated by
suppressing the TXNIP/NLRP3 inflammatory axis (Fig. 6). In
addition, it was observed that Notchl signaling served a poten-
tial role in the mechanisms via which curcumin attenuated PQ
poisoning. The present findings provide further understanding of
the molecular mechanisms underlying the effects of curcumin on
PQ-induced lung injury, and indicated that TXNIP/NLRP3 may
be a novel therapeutic target for the treatment of PQ-induced ALIL.
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