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Original Article 
Curcumin suppresses epithelial-to-mesenchymal  
transition and metastasis of pancreatic cancer  
cells by inhibiting cancer-associated fibroblasts
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Abstract: Pancreatic cancer is one of the most lethal malignancies and the fourth leading cause of cancer-related 
deaths worldwide, because of its aggressive and highly metastatic ability even in its early stages. Cancer-associated 
fibroblasts (CAFs) have been reported to be vital to pancreatic cancer progression via regulating tumorigenesis 
and metastasis. Studies have shown that CAFs also mediate epithelial-to-mesenchymal transition (EMT) in tumor 
cells. Curcumin has recently been reported to have anticancer effects by modulating pathways involved in cancer 
progression. Therefore, we hypothesized that curcumin might inhibit EMT by targeting CAFs in pancreatic cancer. In 
this study, we show that the CAF-mediated enhancement of pancreatic cancer cell migration and metastasis was 
blocked by curcumin. In conclusion, our data provide the first evidence that curcumin inhibits the migration and 
metastasis of pancreatic cancer cells by reducing the mesenchymal characteristics of CAFs, which reverses the EMT 
phenotypes of pancreatic cancer cells. 
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is 
one of the most highly malignant tumors and 
has an extremely poor prognosis; It is resistant 
to chemotherapy and radiation [1]. Most 
patients are diagnosed at late stages, which 
contributes to its high death rate. Less than 
20% of PDAC patients have the option of surgi-
cal resection; However, most patients incur 
reoccurrence even after resection, making pan-
creatic cancer a difficult disease to treat. 
Recently, researchers have shifted their focus 
to the influences of stromal components on 
PDAC. It has become obvious that the desmo-
plastic reaction is not simply secondary to 
tumor formation, but a driver of the cellular and 
molecular components that promote tumor 
progression and metastasis [2, 3]. These cellu-

lar components include several heterotypic 
cells, such as cancer-associated fibroblasts 
(CAFs), macrophages and endothelial cells. 
CAFs are essential cells that exist in many 
malignant tumors, including PDAC, breast can-
cer and gastric cancer [4, 5]. CAFs influence 
tumor behavior in many aspects, including 
growth, survival, metastasis, angiogenesis and 
immune surveillance [6]. Unlike resting fibro-
blasts, CAFs can acquire an activated pheno-
type, which can be identified by vimentin and 
α-smooth muscle actin (α-SMA) expression. 
Moreover, cancer cells can also transform into 
fibroblast-like cells via EMT [7]. EMT is a tran-
scriptional and epigenetic program through 
which epithelial cells acquire mesenchymal fea-
tures, such as loss of cell-cell junctions and 
increased motility, allowing them to escape the 
primary tumor and possibly colonize distant 
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organs [8, 9]. It has been shown that CAFs can 
affect cancer cell EMT, and that the fibroblast-
like cancer cells have higher invasiveness and 
metastasis ability. A hallmark of EMT is loss of 
E-cadherin expression, which usually correlates 
with tumor grade and stage [10-12].

Curcumin, commonly known as turmeric, is a 
natural polyphenol found in the roots of 
Curcuma longa. Curcumin is non-toxic and has 
various therapeutic properties including anti-
oxidant, anti-inflammatory, analgesic, and anti-
septic activity, and thus has been used pre-
dominantly in Ayurvedic medicine for centuries 
[13, 14]. Recently, curcumin has been shown to 
have anticancer activities through its effects 
on different biological pathways involved in 
oncogene expression, cell cycle regulation, 
apoptosis, tumorigenesis and metastasis [15]. 
However, whether curcumin suppresses the 
migration and metastasis of pancreatic cancer 
has not been fully elucidated. Based on previ-
ous studies, we hypothesized that curcumin 
might target CAFs and inhibit the migration abil-
ity of pancreatic cancer cells. In this study, we 
show that curcumin can attenuate the mesen-
chymal characteristics of CAFs, inhibiting the 
migration and metastasis of pancreatic cancer 
cells by reversing EMT phenotypes.

Materials and methods

Reagents

Curcumin (C21H20O6, molecular weight: 368.38, 
purity > 99%) powder was purchased from 
Nanjing Zelang Medical Technology Co., Ltd. 
(Nanjing, China). Curcumin is a lipophilic poly-
phenol that is insoluble in water but readily 
soluble in organic solvents such as dimethyl 
sulfoxide (DMSO), acetone and ethanol [16]. A 
stock solution of curcumin was dissolved at 10 
mM in DMSO and stored at -20°C until use.

Cell lines and mice

The human pancreatic cancer cell lines Capan1 
and Panc1 were obtained from American Type 
Culture Collection (Manassas, VA, USA). We 
regularly assessed their morphologies and 
tested for mycoplasma contamination using 
MycoAlert (Lonza, Rockland, ME, USA). Stromal 
fibroblasts were isolated from pancreatic can-
cer tissues obtained from two PDAC patients 
who underwent surgical resection. Detailed 
information regarding primary fibroblast isola-

tion, culture and confirmation has been de- 
scribed in our previous publication [17]. Stromal 
fibroblasts were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM; Gibco, Carlsbad, 
CA) high glucose supplemented with 10% fetal 
bovine serum (FBS) and 100 µg/mL each of 
penicillin and streptomycin at 37°C with 5% CO2 
in a humidified atmosphere. Capan1 and Panc1 
cells were used between the thirtieth to the for-
tieth passage. CAFs were used for 15 passag-
es, during which there was no significant dimi-
nution in their ability to elicit EMT. 

Female BALB/c-nu/nu nude mice aged between 
4-6 weeks were obtained from the Shanghai 
Institute of Materia Medica, Chinese Academy 
of Sciences (Shanghai, China). Mice were 
housed in laminar flow cabinets under specific 
pathogen-free conditions and provided food 
and water ad libitum. 

Cell counting kit-8 (CCK-8)

The CAFs cells (5 × 103 cells in 0.1 mL) were 
plated in duplicate wells of 96 well plates. After 
overnight incubation, media were removed and 
replaced with different curcumin concentra-
tions ranging from 0 to 50 µM in DMEM. After 
48 h, cell proliferation indices were assessed 
daily using CCK-8 (Dojindo Molecular Techno- 
logies Inc., Gaithersburg, MD, USA), and growth 
curves were drawn according to OD values 
obtained from the assay. Subsequently, a 
series of curcumin concentrations lower than 
the IC50 value (1, 5 and 10 µM) were chosen 
for further studies. 

Preparation of curcumin-pretreated CAF-
conditioned medium (CAF-CM)

CAF-CM was obtained as previously described, 
with slight modifications [18]. Briefly, to obtain 
CM from curcumin-pretreated CAFs, isolated 
CAFs were cultured in DMEM containing 10% 
curcumin- or vehicle-containing FBS. After 48 
h, the medium was removed, and cells were 
washed twice with PBS and incubated with 
fresh DMEM containing 10% FBS for an addi-
tional 24 h to obtain CM free of curcumin to fur-
ther incubate pancreatic cancer cells. CAF-CM 
was subsequently harvested, cleared by cen-
trifugation and transferred without storage.

Transwell migration assay

Transwell migration assays were carried out 
using 8.0-µm cell culture inserts (BD Biosci- 
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ences, Franklin Lakes, NJ, USA) to test the 
migratory ability of Capan1 and Panc1 cells. 
Cells were seeded at 5 × 104 per well in 100 µL 
DMEM in the upper chamber of 24-well plates; 
CM were added in the lower chamber. Cells 
were allowed to migrate for 24 h (Panc1) or 36 
h (Capan1) toward the underside of the mem-
brane. After culturing, the cells that remained 
in the upper chamber were removed by wiping 
with a cotton swab and the migrated cells on 
the lower surface were fixed with ice-cold meth-
anol and stained with crystal violet in 20% eth-
anol for 1 h. Images were acquired under light 
microscopy, and fully migrated cells were quan-
titated by counting cells in 5 predetermined 
fields. This process was repeated independent-
ly 3 times.

RNA isolation and quantitative real-time PCR

Total RNA was isolated using TRIzol reagent 
(Invitrogen Life Technologies, Carlsbad, CA, 
USA) according to the manufacturer’s protocol. 
Reverse transcription was performed using a 
PrimeScript RT reagent Kit (TaKaRa, Dalian, 
China). All primers were purchased from Sangon 
Biotech (Shanghai, China). The forward primer 
for human E-cadherin was 5’-GTCTCTCTCACC- 
ACCTCCACAG-3’, and the reverse primer was 
CAGACAGAGTGGGGAAAATGTA-3’. The forward 
primer for human vimentin was 5’-GAAGAG- 
AACTTTGCCGTTGAAG-3’, and the reverse prim-
er was 5’-ACGAAGGTGACGAGCCATT-3’. RT reac-
tions were performed using the TaKaRa kit 
according to the manufacturer’s instructions. 
Quantitative PCR was performed using the 
SYBR green system (TaKaRa). All reactions 
were performed in triplicate. The 2-ΔΔCt method 
was used to determine relative gene expres- 
sion.

Western blotting

Total protein was extracted from cultured cells 
and quantitated using the bicinchoninic acid 
assay kit (Pierce, Rockford, IL, USA). Western 
blotting was performed as previously reported. 
Equal amounts of protein from different sam-
ples were separated through 10% SDS-
polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene fluoride membranes. 
Blocking buffer containing 5% non-fat milk was 
used to block and incubate membranes with 
primary antibodies. Target protein expression 
was examined using an enhance chemilumi-

nescence kit (Amersham Pharmacia Biotech, 
Uppsala, Sweden), and quantitative analyses 
were performed using ImageJ software.

Xenograft tumor models

All experiments involving animals were in accor-
dance with the Guidelines for the Care and Use 
of Laboratory Animals and were performed 
according to the institutional ethical guidelines 
of the NIH. The study protocol was approved by 
the Committee on the Use of Live Animals in 
Teaching and Research, Fudan University, 
Shanghai, China.

Panc1 cells were continuously cultured with 
CAF-CM for two weeks. Panc1 cells (2 × 106 
cells/mouse) were collected, enzymatically dis-
sociated and injected into the tail vein of each 
mouse. Mice were sacrificed 8 weeks after 
injection, and lungs were removed. The ratio of 
metastatic area was quantified for each mouse, 
with each group contained a minimum of 6 
mice.

Statistical analysis

Data are expressed as the means ± standard 
deviations. Statistical analyses were performed 
using analysis of variance or Student’s t-tests. 
A P-value less than 0.05 was considered statis-
tically significant. All statistical analyses were 
performed using SPSS v15.0 (SPSS Inc., 
Chicago, IL, USA).

Results

CAFs promote the migration capacity of pan-
creatic cancer cells by promoting EMT

Many studies have shown that CAFs can 
enhance cancer invasion, including studies in 
breast and prostate cancer. Molecularly, this 
process is thought to involve pathways such as 
paracrine TGF-β signaling, MAOA/mTOR/HIF-1α 
signaling or miRNAs that promote cancer migra-
tion and invasion [19-21]. In this study, we 
investigated whether CAF could affect EMT 
marker expression in human pancreatic cancer 
cells. Transwell assays demonstrated that CAF-
CM significantly enhanced pancreatic cancer 
cell migration (Figure 1A). Next, we observed 
the morphology of pancreatic cancer cells after 
culture with CAF-CM. There were distinct mor-
phological changes, including a depletion of 
cell-cell junctions and presence of needle-like 
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Figure 1. CAFs promote the migration capacity of 
pancreatic cancer cells by promoting EMT. A. The ef-
fect of CM from CAFs on pancreatic cancer cell migra-
tion was detected using Transwell chambers in Ca-
pan1 and Panc1 cells. B. Morphological changes in 
Panc1 and Capan1 cells after culture with pancreatic 
fibroblasts. C. QRT-PCR analysis of E-cadherin and 
Vimentin levels in Panc1 and Capan1 cells treated 
as described in A. D. E-cadherin and Vimentin levels 
determined by western blotting in pancreatic cancer 
cells culture with CAF-CM. *P < 0.05, **P < 0.01.

extensions (Figure 2B). Furthermore, we evalu-
ated EMT-associated marker expression after 
culture with CAF-CM, which showed increased 
Vimentin expression and E-cadherin downregu-
lation by both RT-PCR and western blotting 
(Figure 1C, 1D). Thus, we confirmed CAFs pro-
mote the migration capacity of pancreatic can-
cer cells by promoting EMT.

Cytotoxicity and other curcumin effects in CAFs

To test the cytotoxicity of herbal curcumin in 
CAFs, CAFs were treated with curcumin at vari-
ous concentrations (1 to 50 µm) for 24 h, and 
the CCK-8 assay was used to evaluate cell via-
bility. The results demonstrated that the prolif-
eration rates of CAFs decreased in response to 
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curcumin in a dose dependent fashion. High-
concentration curcumin exhibited cytotoxic 
effects on CAFs, and we confirmed that the 
IC50 of curcumin is 20.10 µm (Figure 2A). CAFs 
were also subjected to curcumin at concentra-
tions lower than the IC50 (0, 1, 5 and 10 µm) 
for 0, 24, 48 and 72 h. CAF proliferation rates 
were uninfluenced at 48 h treatment (P > 0.05); 
However, 72 h curcumin treatment showed 
notable inhibitory effects (P < 0.05) (Figure 
2B). Therefore, curcumin was applied at con-
centrations no higher than 10 µm and the incu-
bation time was no longer than 48 h in subse-
quent experiments to avoid cytotoxic effects. 
The expression of α-SMA and Vimentin in CAFs 
after curcumin treatment were determined by 
western blotting. We found that α-SMA and 
Vimentin (fibrosis active proteins) in CAFs 
decreased compared with untreated controls 
(Figure 2C), demonstrating that curcumin can 

reduce the mesenchyme characteristics of 
CAFs.

Curcumin attenuated the cancer promoting 
capacity of CAFs by reducing their mesenchy-
mal characteristics

Studies have demonstrated that curcumin 
inhibits invasion by altering EMT in prostate 
and breast cancer [21, 22]. However, studies 
focusing on the effect of curcumin in PDAC by 
affecting CAFs are rare. The migration capacity 
of pancreatic cancer cells treated with curcum-
in-pretreated CAF-CM decreased with increas-
ing curcumin concentrations (Figure 3A). Then 
we observed whether curcumin-pretreated 
CAF-CM influenced EMT in pancreatic cancer 
cells. A depletion of cell-cell junctions and pres-
ence of needle-like extensions were obvious in 
pancreatic cancer cells cultured with CAF-CM, 

Figure 2. Cytotoxicity and effects of curcumin on CAFs. A. The cytotoxicity of curcumin at various concentrations (1 
to 50 µm) in pancreatic cancer cells. B. Effect of curcumin on CAFs growth as detected by CCK-8 assay after treat-
ment with curcumin at 0, 1, 5 and 10 µm for 0, 24, 48 and 72 h. C. Α-SMA and Vimentin levels were determined by 
western blotting in CAFs cells after curcumin treatment.
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Figure 3. Curcumin attenuated the migration-promoting capacity of CAFs by reducing their mesenchymal character-
istics. A. The inhibitory effect of CAF-CM (0, 5 or 10 µm curcumin-pretreated) on pancreatic cancer cell migration 
was detected using the transwell assay with Capan1 and Panc1 cells. B. Morphological changes in Panc1 and Ca-
pan1 cells after culture with pancreatic fibroblasts treated as described in A. C. QRT-PCR analysis of E-cadherin and 
Vimentin mRNA levels in Panc1 and Capan1 cells treated as described in A. D. E-cadherin and Vimentin expression 
were measured in pancreatic cancer cells cultured with CAF-CM as described in A. *P < 0.05, **P < 0.01, ***P < 
0.001.
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but in the curcumin-pretreated (5 or 10 µm) 
groups these events were receded to the differ-
ent extent (Figure 3B). Next, E-cadherin and 
Vimentin expression in pancreatic cancer cells 
treated with CAF-CM were evaluated using real-
time PCR, which showed that Vimentin was 
reduced and E-cadherin increased (Figure 3C). 
We also performed western blotting to assess 
EMT marker expression at the protein level. 
Increased E-cadherin expression and a down-
regulation of Vimentin were observed in pan-
creatic cancer cells cultured in CAF-CM from 
curcumin-pretreated CAFs (Figure 3D). Further- 
more, combined with Figure 2C, the data sug-

In this study, we revealed the curcumin can 
inhibit the migration and metastasis of pancre-
atic cancer cells by targeting CAFs, confirming 
that the tumor microenvironment could be tar-
geted by Traditional Chinese Medicine (TCM) 
[23].

Recently, many countries have accepted TCM, 
particularly for cancer treatment [24, 25]. We 
have stressed the holistic concept of TCM; In 
the tumor microenvironment, CAFs play an 
important role in cancer invasion and metasta-
sis [6]. It has been demonstrated that CAFs can 
affect cancer cell EMT [26, 27]. Cancer treat-

Figure 4. Curcumin treatment inhibited metastasis in vivo. A. Representa-
tive lungs from Female BALB/c-nu/nu nude mice are shown. B. Hematoxylin 
and eosin staining was performed on metastatic tumor and normal lung 
sections. Metastatic nodules are indicated by arrows at 200 × magnifica-
tion. C. Metastases were quantified by counting the number of metastatic 
colonies in one histological section of the mid-portion of each lung sample 
from each mouse and determining the ratio of metastatic area to total area 
in histological sections from the mid-portion of each lung (n = 6 per group). 
A Student’s t-test was used to determine the statistical significance of differ-
ences between the groups.

gest that curcumin inhibited 
the migration-promoting cap- 
acity of CAFs by reducing the 
mesenchymal characteristic 
of CAFs.

Curcumin treatment inhibited 
metastasis in vivo

To further explore the effects 
of curcumin on CAFs and met- 
astasis in vivo, we next exam-
ined the metastatic nodules 
formed in the lungs of Female 
BALB/c-nu/nu nude mice inje- 
cted in the tail vein with Panc1 
cells cultured with DMEM con-
taining vehicle (control-medi-
um) or CAF-CM. Mice were 
sacrificed 8 weeks after injec-
tion and lungs were harvest-
ed. The control and CAF-CM 
groups formed lungs tumors 
following tail vein injection. 
However, pancreatic cancer 
cells exposed to CAF-CM (10 
µm curcumin pretreated) sh- 
owed significantly fewer and 
smaller lung tumors than CAF-
CM (0 µM). Moreover, addition 
of the CAF-CM (10 µM) prior to 
the control generates the for-
mation and number of lung 
metastases (Figure 4A-C). 
Taken together, these results 
indicate that curcumin may in- 
hibit pancreatic cancer metas-
tasis by targeting CAFs.

Discussion
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ment should not be confined to the cancer 
itself, but should include the tumor environ-
ment. The overall concept of treatment in TCM 
emphasizes local links with the surrounding 
environment; Both have the same view. We 
think TCM may provide a suitable and effective 
treatment for pancreatic cancer, especially for 
the tumor microenvironment.

Curcumin, a naturally occurring polyphenolic 
compound that derives from turmeric (Curcuma 
longa), has been commonly used as a food 
additive or dietary pigment and in traditional 
medicines [28-30]. Several preclinical studies 
have demonstrated that curcumin has antican-
cer activities against different types of cancer, 
including PDAC, by modulating many molecular 
targets [31-33]. Moreover, in the tumor micro-
environment, curcumin was reported to sup-
press crosstalk between cancer cells and stro-
mal fibroblasts in colon and head and neck 
cancers [34, 35]. In our study, using in vitro 
functional assays, we demonstrated that CAFs 
can promote PDAC cell migration and enhance 
EMT in pancreatic cancer cells. Upon the treat-
ment of CAFs with curcumin, the invasive ability 
of cultured pancreatic cancer cells decreased. 
Further results showed that the expression of 
mesenchymal markers in CAFs receded, and 
EMT in pancreatic cancer was reversed. Further 
in vivo studies confirmed these results. Mice 
injected with tumor cells treated with curcumin-
pretreated CAF-CM (0 µm) were more inclined 
to lung metastasis compared with the control 
group, but CAF-CM treated with (10 µm) were 
reduced compared with CAF-CM.

In conclusion, targeting CAFs and cancer cells 
through pharmacological inhibition might pro-
vide new insight into the therapeutic effects of 
curcumin for PDAC. In this study, we showed 
that curcumin significantly suppressed the 
mesenchymal features of CAFs and reversed 
pancreatic cancer cell EMT, thereby preventing 
pancreatic cancer cell migration and metasta-
sis. However, the concrete pathways involved in 
EMT that curcumin may target in PDAC remain 
to be elucidated.
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