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Curcumin Modulates Paraquat-Induced Epithelial
to Mesenchymal Transition by Regulating
Transforming Growth Factor-β (TGF-β) in A549 Cells

Namitosh Tyagi,1 D. K. Singh,2 D. Dash,3 and Rashmi Singh1,4

Abstract— Paraquat (PQ), a widely used potent herbicide, generates superoxide anions
and other free radicals, leading to severe toxicity and acute lung injury. PQ induces pulmonary
fibrosis through epithelial to mesenchymal transition (EMT) characterized by increased
number of myofibroblasts. Time-dependent PQ-induced EMT has been evaluated in present
investigation where intracellular ROS levels were significantly enhanced after 24 h of PQ
intoxication. Anti-inflammatory effects of curcumin have been studied where alveolar epi-
thelial cells (A549 cells) were incubated with curcumin (30 μΜ) for 1 and 3 h before PQ
intoxication (700 μM). Western blot and immunocytochemistry studies revealed that pre-
treatment of A549 cells with curcumin for 3 h before PQ exposure has maintained E-cadherin
expression and inhibited PQ induced α-smooth-muscle actin (α-SMA) expression.
Transforming growth factor-β (TGF-β) that seems to be involved in PQ-induced EMT was
enhanced after PQ intoxication, but curcumin pretreatment has effectively inhibited its
expression. Immunostaining studies have shown that curcumin pretreatment has significantly
reduced matrix metalloproteinase-9 (MMP-9) expressions, which were elevated after PQ
intoxication. These results demonstrate that curcumin can regulate PQ-induced EMT by
regulating the expression of TGF-β.
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INTRODUCTION

Paraquat (PQ) is widely used as highly toxic weed
killer (herbicide), which can cause multiple organ failure in
human and animals [1, 2]. Paraquat poisoning is a major
medical problem due to lack of effective treatment. The
lung is the principle target organ, and respiratory failure
(irreversible lung injury) is the most common cause of
death from PQ poisoning because its amount concentrate
in lung tissue than any other organ [3–5]. PQ accumulation
in lung occurs through type II pneumocytes via a poly-
amine uptake system. The respiratory epithelium is the
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lining of the airways, which is in direct contact with the
environment, and acts as physical barrier between external
and internal surface, contributing to airway defense by
clearing infectious and environmental agents [6, 7]. Air-
way epithelial cells (AECs) are the most abundant cell type
in the lungs, which contribute in transportation of gases to
and from the alveoli and therefore plays a central role to
protect the lungs from exposure to inflammatory stimuli
and antigens [8, 9]. The alveolar epithelium consists of
type I and type II epithelial cells; type I pneumocytes are
squamous epithelial cells that cover approximately 90% of
the alveolar surface and conduct the exchange of gases.
Type II alveolar cells are cuboidal secretary cells and have
a critical role in the synthesis of surfactant, which reduces
the surface tension within the alveoli. Alveolar epithelial
type II (AT2) cells also have self-renewal capability and
played an important role in the repair of damaged alveolar
epithelium after lung injury [10–14]. Injury to the epithelial
cells initiates the release of proinflammatory and
profibrotic cytokines, thereby generating profibrogenic en-
vironment, which is characterized by (myo)fibroblast ac-
cumulation, collagen and matrix deposition, and structural
remodeling. Pulmonary fibrosis associated with excessive
deposition of extracellular matrix is mediated by the re-
cruitment of inflammatory cells and collagen-producing
myofibroblast and fibroblasts [15–17]. Recent studies re-
vealed that myofibroblasts are the hallmark of lung tissue
fibrosis, and the sources of these cells are different and may
arise from differentiation of resident lung fibroblasts or
through the transdifferentiation of epithelial cells [17, 18].
The transdifferentiation of epithelial cells is a biological
process known as epithelial-mesenchymal transition
(EMT), whereby polarized epithelial cells undergo various
biochemical changes giving rise to motile mesenchymal
cells, which are important source of fibroblasts and
myofibroblasts. Epithelial and mesenchymal cells differ
morphologically and functionally. Epithelial cells are po-
larized and adherent type of cells, which show strong cell-
cell adhesion and have limited migratory potential. Mes-
enchymal cells are non-polarized, have spindle shape, and
show focal cell contact with migratory potential, i.e., mo-
tile [19, 20].

Alveolar epithelial cells (AECs) are activated in initial
phase of lung injury, and then these AECs create
profibrotic phase through the process of EMT, in which
activated AECs are converted into collagen producing
fibroblasts and myofibroblasts. By initiating the tissue
repair through producing ECM proteins, EMT plays a
key role in maintaining cellular homeostasis, but excessive
production of ECM proteins leads to fibrosis, which may

cause organ failure [17, 21, 22]. Other studies also have
demonstrated that EMT phenomena are the potential con-
tributor of lung fibrosis [21, 23]. Some recent reports have
suggested the involvement of EMT in PQ-induced pulmo-
nary fibrosis through transforming growth factor-β1 sig-
naling pathway in vitro and in vivo [24, 25].

We already have demonstrated that single toxic
dose of PQ initiates structural changes and early
fibroproliferation in lungs within 48 h, and pretreatment
of intranasal curcumin (5 mg/kg) inhibits PQ-induced
lung injury and fibroproliferation to some extent [26].
Curcumin is well known for its anti-inflammatory and
anti-oxidant properties, used as medicine from ancient
times. It has been reported earlier that curcumin sup-
presses EMT; therefore, in the present study, we have
investigated the role of curcumin on PQ-induced EMT
through TGF-β-dependent mechanism using A549 hu-
man AECs [27, 28].

METHODS AND MATERIAL

Cell Culture

Human alveolar type II-like epithelial A549 cells
were purchased from National Centre for Cell Science
(NCCS), Pune, India. Cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) with 10% heat-
inactivated FBS and antibiotics at 37 °C with 5% CO2 in
a humidified incubator, and cells were sub-cultured until
they were 80–90% confluent. Before every experiment,
cells were harvested with TPVG (trypsin phosphate
versene glucose) solution, and viability was assessed by
trypan blue dye exclusion test. PQ was dissolved in dis-
tilled water to make stock solutions, and DMSO was used
as solvent for curcumin.

PQ-induced Morphological Changes

Morphological changes in A549 cells were observed
after PQ treatment, as 10 × 104 cells were plated in 12-well
flat bottom culture plates and incubated overnight. After
incubation, fresh media (without FBS and antibiotic solu-
tion) were added and treated with different concentrations
of PQ for 24 h. Cells were examined under microscope
(×10, Nikon inverted microscope).

Cell Viability Assay

The cytotoxicity of PQ on A549 cells was detected by
the MTT (3 - (4 , 5 -d ime thy l t h i a zo l - 2 -y l ) - 2 ,5 -
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diphenyltetrazolium bromide) assay [29]. A549 cells were
seeded at density of 3 × 103 cells/well in flat-bottomed 96-
well tissue culture plates containing 200 μl media and
grown overnight (up to 70–80% confluent). The cells were
treated with different concentrations of PQ and curcumin to
determine IC50. After 24 h of treatment, MTT (5 mg/ml,
20 μl) was added in each well and incubated for 4 h at
37 °C. After incubation, media was aspirated, and 200-μl
DMSO was added to dissolve the formazan (MTT meta-
bolic product). Plates were read at 570 nm in microtiter
plate reader. The percentage of cellular viability was
assessed relative to the control (only media-treated cells).

Intracellular ROS Detection

The production of intracellular ROSwasmeasured by
DCF-DA (2′,7′-dichlorofluorescin diacetate) as an indica-
tor of superoxide production in PQ-treated A549 cells. The
cells were cultured in 96-well plate (black) and allowed to
70% confluent. The cells were treated with different con-
centrations of PQ for 24 h and at the end of treatment;
medium was aspirated from all the wells. Cells were
stained with 10-μM DCF-DA and incubated for 45 min
at 37 °C in dark [30]. Plates were read at 485 (exCitation
wavelength) and 535 nm (emission wavelength).

Experimental Design

After determining toxic dose of PQ and safe dose of
curcumin, five experimental groups were made where (I)
control group, cells received only fresh DMEM media
without FBS; (II) PQ group, cells treated with PQ
700 μM for 24 h; (III) curcumin group, cells were
pretreated with 30-μΜ curcumin, before 1 and 3 h of
700-μM toxic dose of PQ for 24 h; (IV) vehicle group,
DMSO (equal volume to curcumin) given an hour before
PQ exposure; (V) curcumin alone group, cells received
only (30 μM) curcumin. After 24 h of the PQ incubation,
cells were used to prepare lysate for western blotting, and
RNAwas isolated for RT-PCR (Table 1).

Protein Expressions of E-Cadherin and α-Smooth
Muscle Actin

A549 cell lysates were prepared with RIPA buffer
containing protease inhibitor cocktail, and protein concen-
tration was determined using BCA kit (bicinchoninic acid
assay). Equal amount of protein was separated on 12%
SDS-PAGE gels and then transferred to nitrocellulose
membranes. The membranes were blocked with
blocking buffer (5% BSA in Tris-buffered saline with
0.01% T-Tween 20) for 2 h, followed by incubation with
primary antibodies to E-cadherin (1: 1000, CST), α-
smooth muscle actin (1:500, Thermo Peirce), and β-
actin (1:2000, gene script) antibody overnight at 4 °C.
After washing the membranes with TBST for 15 min,
the membranes were probed with horseradish peroxi-
dase (HRP) conjugated secondary antibody (1:3000,
CST). After three washings with TBST for 15 min,
detection of bound antibodies was visualized by ECL
reagent (Millipore) with short exposure to X-ray films.
β-Actin was analyzed as a loading control, and densi-
tometric values of bands were determined and statisti-
cally analyzed using ImageJ software.

Immunocytochemistry

To assess protein expression of MMP-9, E-cadherin,
and α - smoo t h musc l e a c t i n i n A549 ce l l s ,
immuocytochemistry was done as described earlier [31].
Sterile coverslips were coated with poly-L-lysine and
allowed to dry and sterilize under UV light for 4 h. Cells
were grown on cover slip in 6-well plate overnight. After
rinsing in phosphate-buffered saline (PBS), cells were
pretreated with curcumin followed by PQ for 24 h. After
treatment, cells were fixed in ice cold methanol for 10 min
at room temperature, permeabilized in 0.1% triton X-100
for 5 min, and washed three times with PBS before
blocking (1% BSA for 1 h). Cells were washed three times
with PBS and stained with FITC-conjugated secondary
antibody for 2 h at room temperature, washed three times
with PBS, and nuclear regions were stained with DAPI

Table 1. Experimental plan and animal groups

S. no Groups Inducer Treatment

I Control – –
II PQ Paraquat (700 μM) –
III PQ + curcumin Paraquat Curcumin (30 μM) (curcumin pretreatments for 1 and 3 h

are used for fibrosis parameters)
IV PQ +DMSO (vehicle) Paraquat DMSO (dimethyl sulfoxide)
V Curcumin alone – Curcumin (30 μM)
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(4′,6-diamidino-2-phenylindole) for 1 min; stained cells
were mounted with glycerol mounting medium on slides
and visualized using a confocal microscope.

mRNAExpression of TGF-β by Reverse Transcriptase
Polymerase Chain Reaction (RT-PCR)

After 24 h of treatment, cells were washed with
chilled PBS, and total RNA was extracted from cells
using TRIzol reagent [32]. Total RNA concentration
was assessed using a Nano Drop at 260 nm, and the
quality of the RNA was determined (using ratio at 260/
280 nm). cDNA was synthesized using 1 μg RNA and
Quanti Tect RT PCR KIT (205311 Qiagen) in a 96-
well thermal cycler as per the manufacturer’s instruc-
tions. Quantitative real-time (qRT)-PCR was performed
using a QuantiTect SYBR PCR kit (204141 Qiagen) and
ABI 7500 real-time PCR system. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as
house-keeping gene for normalization, and the se-
quences of the primers were used: TGF-β, 5′-ACAT
GGTCATGAGCTTTGTGA-3′(forward) and 5′-ACTC
TTTGTGGTGTCGCTGA-3′(reverse); GAPDH, 5′-
CCCCGGTTTCTATAAATTGAGC-3′ (forward) and
5′-TTTCTCTCCGCCCGTCTT-3′ (reverse). For quan-
titation, Dct method was applied, and results were pre-
sented as expression changes.

STATISTICAL ANALYSIS

All values are presented as mean ± SEM. Differences
between groups were determined with one-way ANOVA
followed by Tukey’s test. A level of p < 0.05 was consid-
ered statistically significant.

RESULTS

Effect of PQ and Curcumin on Cell Viability and
Morphological Changes

Morphological changes in PQ and curcumin-
treated A549 cells were examined under light micro-
scope, where morphological changes were observed in
concentration dependent manner. But after curcumin
treatment (incubation up to 50 μM), A549 cells did
not undergo such morphological changes, but structural
morphology was changed with higher concentration of
curcumin. Cell viability was evaluated by MTT assay
after 24 h of incubation with different concentrations of

PQ (100, 200, 300, 400, 500, 600,750, 1000 μM) and
curcumin (10, 25, 50, 100, 250, 500 μM). The survival
rate of the cells was significantly decreased after PQ
intoxication (300 to 1000 μM) as compared with control
group. Survival rate for the PQ concentrations (300,
400, 500, 700, and 1000 μM) was 81, 77, 68, 56, 49,
and 36, respectively. No significant change in the cell
viability was observed up to 50-μM curcumin, whereas
the survival rate decreased up to 25, 39, and 57% with
higher curcumin concentrations (100, 250, and 500 μM,
respectively) (Figs. 1–2).

Effect of Individual Effects of PQ and Curcumin on
Intracellular ROS Level

After 24 h of incubation with different concentrations
of PQ (100–1000 μM), intracellular ROS level increased
with increase in PQ concentration. Different concentrations
of curcumin on ROS production were also studied where
almost negligible inductive effect of curcumin on ROS
generation was noted up to 50 μM. However, a significant
change was observed with higher curcumin concentrations
(Figs. 3 and 4).

Curcumin Suppressed PQ-Induced Cytotoxicity

Cell viability was determined byMTTassay to inves-
tigate anti-cytotoxic effects of curcumin (30 μM). After PQ
(700 μM) treatment, survival rate of A549 cells was re-
duced up to 48% after 24 h, while the viability of curcumin
(30 μM)-treated A549 cells was almost 100%. Survival
rate of curcumin pretreated group was 26% higher than
only PQ exposed cells (Figs. 5–6).

Curcumin Pretreatment Reduced PQ-Induced ROS
Generation in A549 Cells

After treatment with PQ (700 μM) for 24 h, the levels
of intracellular ROS (iROS) were increased significantly as
compared with those in control and curcumin alone groups.
Curcumin concentrations less than 30 μM was not much
effective to inhibit PQ-induced ROS production, but 1-h
pretreatment with 30- or 50-μM curcumin before PQ in-
toxication has significantly decreased the intracellular ROS
as compared with only PQ-induced group. A549 cells were
incubated with different concentrations of PQ and
curcumin separately to assess their effects on morphology
of A549 cells (Figs. 7–8).
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Curcumin Inhibits PQ-Induced Epithelial to Mesen-
chymal Transition in A549 Cells

Effect on E-Cadherin Protein in A549 Cells

To confirm PQ-induced epithelial to mesenchymal
transition in A549 cells, the expression of E-cadherin
protein as marker of epithelial cells was measured by
western blot and immunofluorescence staining. Our

results revealed that marked decrease in the expression
of E-cadherin was noted in PQ-induced group as com-
pared with those in the control and curcumin-treated
groups, whereas the promotion of E-cadherin protein
expression in the curcumin pretreatment group was
noted as compared with PQ alone and PQ + DMSO
groups. Similar result was found with immunofluores-
cence staining (Figs. 9–10).
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Fig. 1. A549 cells were exposed to PQ at different concentration, and the cell viability was determined byMTTassay. Survival rate of A549 cells treatedwith
PQ for 24 hwas decreased as the concentration increased. Results are expressed as percentage of viability, and the data are shown asmeans ± SEM (*p < 0.05)
compared with control.
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Fig. 2. MTTassay showing incubation of A549 cells with different concentrations of curcumin for 24 h. Results are expressed as percentage of viability, and
the data are shown as means ± SEM. *p < 0.05 compared with control.
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Effect on α-SMA Protein in A549 Cells

To confirm PQ-induced EMT, protein expression of
α-SMA as marker of myofibroblast was further studied by
western blot analysis and immunofluorescence staining.
Protein expression of α-SMA was significantly higher in
PQ-induced A549 cells as compared with control. No

significant changes were observed in the expression of α-
SMA protein after curcumin pretreatment before 1 h of PQ
intoxication as compared with only PQ-induced A549
cells. But curcumin treatment (30 μm) before 3 h of PQ
intoxication was effective in suppressing PQ induced α-
smooth muscle actin expression in A549 cells (Fig. 11).
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Fig. 3. Effect of incubation of different concentrations of curcumin on ROS generation significant change in intracellular ROS level was observed at higher
concentration of curcumin.
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Fig. 4. Different concentrations of PQ(100–1000 μΜ) and incubation of A549 cells for 24 h. Intracellular ROS level increased as the concentration
increased.
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Effect of Curcumin on TGF-β

TGF-β is a potent inducer of EMT; therefore, its
mRNA expression was analyzed by RT-PCR. Our results
indicated that the expression of TGF-β was significantly
increased after PQ exposure as compared with control and
curcumin-treated cells (Fig. 12).

Effect of Curcumin on Matrix Metalloproteinase-9
(MMP-9)

Expression of MMP-9 may play a catalytic role in
induction of EMT. Its expression was investigated and
determined by immunofluorescence staining of A549 cells,
which indicated that PQ-intoxicated cells show more
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Fig. 5. Anti-cytotoxic effect of curcumin (30μM) on PQ-induced A549 cells. The result showed that the survival rate in the curcumin-treated groupwas 26%
higher than the group treated with PQ only.
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Fig. 6. After treatment with PQ(700 μM) for 24 h, the levels of intracellular ROS increased significantly, whereas curcumin pretreatment (30 and 50 μM)
before 1 h of PQ intoxication significantly decreased the intracellular ROS.
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Fig. 7. Microscopic observation of growth pattern of A549 cells incubated with different concentrations of PQ after 24 h of treatment: a untreated cells; PQ-
treated cells (b–i); b 100 μM, c 200 μM, d 300 μM, e 00 μM, f 500 μM, g 600 μM, h 750 μM, i 1000 μM.All images were taken at ×10 magnification with
inverted microscope.

Fig. 8. Effect of different concentrations of curcumin on growth pattern of A549 cells after 24 h of incubation: a untreated cells; cells treated with b 10μM, c
25 μM, d 50 μM, e 100 μM, f 250 μM, g 500 μM. All images were taken at ×10 magnification with inverted microscope (Nikon).
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fluorescence for MMP-9, whereas curcumin pretreatment
has significantly reduced MMP-9 expression (Fig. 13).

DISCUSSION

PQ, being highly toxic herbicide, is also used in
suicidal cases. Lung injury or respiratory failure is the main
cause of PQ-related mortality. Oxidative injury to the alve-
olar epithelium is the main cause of respiratory failure in
PQ poisoning. There are numerous in vivo and in vitro
studies, which provide the evidence that AEC cells act as
precursors, which give rise to fibroblast-like mesenchymal
cells [33]. To promote repair in response to injury and
severe inflammatory conditions, AECs transdifferentiate

into myofibroblast through epithelial to mesenchymal tran-
sition (EMT).

EMT is a phenotypic change, which is characterized
by loss of epithelial markers, such as E-cadherin and in-
duction of mesenchymal markers like α-smooth muscle
actin [34]. There are strong evidences, which suggest that
myofibroblasts are the main mediators of pulmonary fibro-
sis, and increased expression of α-SMA, a marker of
myofibroblast after PQ intoxication within 48 h, was also
found [26, 33]. Many studies already have revealed the
critical role of EMT in the induction of lung fibrosis [21,
23]. In the present study, effects of curcumin have been
investigated in PQ-induced EMT in A549 cells.

LD50 (median lethal concentration) for PQ and
safe dose of curcumin were determined, and then
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Fig. 9. Densitometries of α-SMA and E-cadherin related to β-actin and are shown as means ± SEM. *p < 0.05 compared with normal group; #p < 0.05
compared with PQ group (curcumin pretreatments for 1 and 3 h are shown as Cur-hr and Cur-3hr).
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Fig. 10. Immunostaining shows expression of E-cadherin in the A549 cells after curcumin treatment. PQ-treated A549 cells show reduced E-cadherin
staining (×20 magnification).
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treatment regimen was decided. Oxidative stress via
generation of reactive oxygen species (ROS), inflam-
mation, and hypoxia are main triggers to induce EMT
[18]. Our results clearly indicated that the ROS level
was significantly less in curcumin-pretreated A549 cells
as compared with PQ-induced cells. To determine the
effective concentration of curcumin, A549 cells were
treated with three different concentrations of curcumin
(10, 30, and 50 μM). Surprisingly, curcumin 30 μM has
shown the highest activity, whereas curcumin 50 μM
was effective but less than 30 μM. Therefore, working
concentration of curcumin was selected lower than
50 μM. Pretreatment of curcumin also proved protective
against PQ-induced cell death.

TGF-β is a multifunctional cytokine that is regarded
as a master cytokine in induced lung fibrosis and many
tissues [35]. A number of studies have shown that TGF-β
plays a key role in the pathogenesis of PQ-induced fibrosis
via induction of EMT [36]. Another study has demonstrat-
ed that PQ-induced EMTwas abolished by transfection of
PQ-treated A549 with TGF-β1-specific small hairpin
RNA (shRNA) [37]. Since TGF-β is responsible for the
induction of EMT, therefore to determine the role of
curcumin on PQ-induced EMT, mRNA expression of
TGF-β was investigated in the present study. Pretreat-
ment of A549 cells with curcumin for 1 h before PQ
intoxication has significantly suppressed PQ-induced
TGF-β level. Increased level of TGF-β causes altered
expression of phenotypical markers of epithelial cells.
In order to investigate the PQ-induced EMT through
TGF-β in A549 cells, protein expression of epithelial
and mesenchymal cell markers was determined.

In the present study, potential role of curcumin pre-
treatment on PQ-induced EMT in AECs was studied by
analyzing the expression of phenotypic markers of mesen-
chymal and epithelial cells. The phenotype of epithelial
cells can be examined by expression of many proteins,
such as zonula occludens-1 (ZO-1), E-cadherin, and
cytokeratins. E-Cadherin is a cell-cell adhesion molecule,
expressed in almost all types of epithelial cells except
neuronal epithelium [38].

To investigate PQ-induced EMT, protein expression
of E-cadherin was studied, which was lost after PQ intox-
ication, whereas expression of α-smooth muscle actin,
which is associated with the differentiation of lung fibro-
blasts into myofibroblasts, was found significantly higher
in PQ-induced A549 cells as compared with those in the
control. Decreased expression of E-cadherin and increased
expression of a-SMA in A549 cells as transition of epithe-
lial cells to a spindle-shaped morphology indicate success-
ful construction of PQ-induced EMT model in A549 cells.
Further, effect of pretreatment of curcumin before 1 h of
PQ-induced EMT in A549 cells has significantly increased
the expression of epithelial cell marker (E-cadherin) but
not much effective in inhibiting the PQ-induced expression
of myofibroblast marker, i.e., α-smooth muscle actin,
whereas pretreatment of A549 cells with curcumin for
3 h before PQ intoxication has significantly reduced the
α-SMA expression as compared with without curcumin
pretreatment. The results of immunofluorescence staining
of A549 cells also clearly indicated that pretreatment with
curcumin for 3 h has better potential to suppress EMT in
A549 cells, as compared with 1 h of curcumin pretreatment
prior to PQ exposure.
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Our results indicated that A549 cells could serve as a
model to screen the suitable drug against PQ-induced
EMT, and our findings revealed that curcumin not only

plays anti-inflammatory and anti-oxidant role in PQ-
induced lung injury but also have anti-fibrotic potential
by inhibiting epithelial to mesenchymal transition to some
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extent. Pretreatment of curcumin (30 μm) before 1 h of PQ
toxicity in A549 cells was effective to inhibit the PQ-
induced cytotoxicity and intracellular ROS production
but was not able to inhibit PQ-induced transition of epi-
thelial to mesenchymal cells. But when cells stayed with
curcumin for longer time, then PQ-induced EMT was
inhibited. On the basis of above results, it can be stated
here that expression of TGF-βwas regulated by curcumin,
and it has some potential to suppress PQ-induced EMT in
A549 cells, which may be used to treat PQ-induced
toxicity.
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