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Abstract
Background Epithelial-to-mesenchymal transition (EMT) is involved in tumor progression, invasion, migration and metastasis.
EMT is a process by which polarized epithelial cells acquire motile mesothelial phenotypic features. This process is initiated by
disassembly of cell-cell contacts through the loss of epithelial markers and replacement of these markers by mesenchymal
markers. Reconstruction of the cytoskeleton and degradation of the tumor basement membrane ensures the spread of invasive
malignant tumor cells to distant locations. Accumulating evidence indicates that curcumin, as a well-known phytochemical, can
inhibit EMT/metastasis through various mechanisms and pathways in human tumors.
Conclusions In this review, we summarize the mechanisms by which curcumin may affect EMT in cells under pathological
conditions to understand its potential as a novel anti-tumor agent. Curcumin can exert chemo-preventive effects by inhibition and
reversal of the EMT process through both TGF-β-dependent (e.g. in hepatoma and retinal pigment epithelial cancer) and -
independent (e.g. in oral cancer, colorectal cancer, pancreatic cancer, hepatocellular carcinoma, breast cancer, melanoma, prostate
cancer, bladder cancer, thyroid cancer and lung cancer) pathways. Curcumin can also mitigate chemoresistance through EMT
suppression and promotion of the antiproliferative effects of conventional chemotherapeutics. Therefore, curcumin has the
potential to be used as a novel adjunctive agent to prevent tumor metastasis, which may at least partly be attributed to its
hampering of the EMT process.
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1 Introduction

Over the last decade, substantial efforts have been devoted to
determine the genes and pathways that are involved in tumor
invasion and metastasis [1]. It has been suggested that in-
creases in cell movement, scattering and epithelial-to-
mesenchymal transition (EMT) are among the main properties

of advanced tumors [2]. EMT is a reversible, multistep and
highly regulated trans-differentiation process, whereby cells
shed their epithelial properties and adopt a moremesenchymal
and invasive phenotype [3]. This process occurs at both mor-
phological and molecular levels [4]. EMT is not only related
to tumor cell growth and invasion, but also to chemotherapy
resistance and apoptosis. It is considered to be the first step in
the complex process of metastasis [5, 6] occurring in several
types of cancer such as those of breast, colon, lung and pan-
creas [7–10]. Curcumin can inhibit EMT/metastasis via differ-
ent mechanisms and pathways in human tumors (Table 1). In
this review, we summarize the mechanisms by which
curcumin affects EMT, as well as experimental and
(pre)clinical data supporting its potential application as thera-
peutic agent.

1.1 The EMT process

EMT is a complex and highly conserved process by which,
during normal embryogenesis, epithelial cells lose their junc-
tions and polarity, thereby producing migratory mesenchymal
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Table 1 Summary of mechanisms by which curcumin inhibits the EMT process.

Disease condition Main mechanism Ref.

Oral cancer - down-regulating of MMP-2 and MMP-9
- down-regulating the expression of EMT markers (Snail, and Twist)
- induction the expression of p53 and E-cadherin

[11]

Colorectal cancer - suppression of Wnt signaling pathway
- prevention the expression of CXCR4

[12]

- prevention of Sp-1 transcription factor and Sp-1 related genes comprising
ADEM10, calmodulin, EPHB2, HDAC4, and SEPP1

- blocks the phosphorylation of FAK and increases the regulations of ECM components
- decreases the CD24 expression and increase the E-cadherin expression

[13]

Pancreatic cancer - decrement of mesenchymal markers (α-SMA and VIM ) in CAFs [14]

- reduced HIF-1α expression
- reduced mesenchymal markers (VIM, ZEB1, and Twist)

[15]

- preventing the Hedgehog signaling cascade [16]

- suppression of the H2O2/Akt/NF-κB signaling [17]

Hepatoma blocked the expression of mesenchymal markers (α-SMA, VIM, N-cadherin,
FN and Snail)

- induced E-cadherin expression
- prevention of TGF-β/Smad cascade

[18]

- deceased HIF-1α levels [19]

- inhibited Smad2 phosphorylation and translocation to nucleus
- preventing the expression of Snail

[20]

Hepatocellular carcinoma - prevention of EMT via AhR/ERK/SK1/S1PR3 pathways [21]

Breast cancer - prevention of β-catenin nuclear translocation
- blocking trans-activation of Slug
- return E-cadherin expression

[22]

- reduction expression of EMT-related genes (E-cadherin, N-cadherin, SIP2, Twist, Slug,
Axl, VIM, STAT-3, FN) and other genes (p53 and Cav-1, caspase-3, caspase-8, cyclin D1 and NF-κB)

[23]

- suppression of NF-κB-Snail signaling cascades in breast cancer cells undergoing LPS-induced EMT [24]

Melanoma - overexpression of E-cadherin
- dephosphorylation of STAT3
- down-regulation of VIM and N-cadherin
- regulating miR-33b-dependent HMGA2 inhibition

[25]

Prostate cancer - reverse the HGF-induced EMT
- down-expression of phosphorylated c-Met, Snail and associated signaling pathways

[26]

- inhibition of CAF-induced EMT of by prevention of MAOA/mTOR/HIF-1α signaling pathway [27]

Bladder cancer - decreased activation of ERK1/2, JNK and p38 MAPK signaling, AP-1 proteins induced by
tobacco smoking exposure

[28]

Thyroid cancer - increased the expression of E-cadherin and decreased the expression of the VIM [29, 30]

- down-expression of Smad2/3 signaling pathways, MMP-2 and MMP-9 proteins [29]

Lung cancer - ameliorating tobacco smoke-induced MAPK/AP-1 activation (ERK1/2, JNK and p38
MAPK pathways, and AP-1 proteins)

- induced MET in lung tissue

[31]

- interfering c-Met and PI3K/Akt/mTOR axis [32]

- disturbed Wnt/β-catenin pathway through elevating WIF-1 protein expression [33]

Retinal pigment epithelial cancer - decrease mRNA and protein levels of EMT markers ( α-SMA, VIM, ZO-1 and MMP-2 )
- reversed EMT by blocking of Smad-3 phosphorylation induced by TGF-β1

[34]

Intestinal fibrosis - decreases TGF-β1-induced Smad/α-SMA pathway
- promote the transcription of PPAR-γ and E-cadherin
- reduced the expression of FN, and CTGF

[35]

Renal fibrosis - inhibited the TGF-β1-induced EMT by prevention of the Akt/mTOR pathway and
phosphorylation of ERK and PPARγ

[36, 37]

Abbreviations: aryl hydrocarbon receptor (AhR); α-smooth muscle actin (α-SMA); caveolin-1(Cav-1); cancer associated fibroblasts (CAFs); chemo-
kine receptor 4 (CXCR4); connective-tissue growth factor (CTGF); focal adhesion kinase (FAK); hepatocyte growth factor (HGF); Fibronectin(FN);
high mobility group AT-hook 2 (HMGA2); histone deacetylase 4 (HDAC4); hypoxia-inducible factor-1α (HIF-1α); lipopolysaccharide (LPS); matrix
metalloproteinases (MMPs); mammalian target of rapamycin (mTOR); peroxisome proliferator-activated receptor- γ (PPAR- γ); sphingosine 1-
phosphate receptor (S1PR3); selenoprotein P (SEPP1); sphingosine kinase 1 (SK1); transforming growth factor-beta (TGF-β); vimentin(VIM); zinc-
finger E-box binding homeobox 1 (ZEB1); zonula occludens-1 (ZO-1)

406 A. Bahrami et al.



cell types such as mesoderm and neural crest cells [38, 39]. In
the adult, EMT has been implicated in wound healing, tissue
fibrosis and cancer metastasis [40]. In females, EMT also oc-
curs during placenta formation and post-delivery with the for-
mation of fibroblasts consistent with inflammation and tissue
repair [38, 39]. In the developing embryo and adults also the
reverse process, mesenchymal-to-epithelial transition (MET),
may occur whereby mesenchymal cells after migration to a
particular location dedifferentiate to epithelial cells [41].

Through EMT, epithelial cells with a "cobblestone^ shape
acquire motile mesothelial features with an elongated
fibroblast-like shape after which they detach from the epithe-
lial basement in human cancers (Fig. 1a) [42]. The typical
interdependent cascade of EMT events consists of invasion,
propagation, intravasation into the bloodstream, extravasation
from blood vessels, followed by colonization to surrounding
tissues and distant locations (Fig. 1b) [43–45]. This process is
characterized by disassembly of cell-cell contacts through the
loss of epithelial markers including E-cadherin (E-cad) in ad-
herent junctions, zonula occludens-1 (ZO-1) in tight junctions
and desmoplakin in desmosomes [46]. These epithelial
markers are replaced by mesenchymal markers, which leads
to reconstruction of the cytoskeleton, degradation of the tumor
basement membrane, destruction of the extracellular matrix
(ECM) and upregulation of mesenchymal proteins such as
vimentin (VIM), α-smooth muscle actin (α-SMA), fibronec-
tin (FN), and N-cadherin (N-cad) [47]. This process allows
phenotypic mesenchymal cells to exhibit lower polarity and
reduced cell adhesion properties, which underlie invasion, mi-
gration and metastasis to distant organs [48–51]. E-cadherin
(E-cad) as a transmembrane glycoprotein plays a critical role
in cell-cell contacts and the process of EMT [52].

Several specific EMT-inducing transcription factors, includ-
ing zinc-finger E-box binding homeobox 1 (ZEB1), Smad
interacting protein 1 (SIp1; also known as ZEB2), Snail1 (also
known as Snail), Snail2 (also known as Slug), Twist1 (also
known as Twist), and E47 (also known as T cell factor,
TCF3), have been reported to exhibit important regulatory ef-
fects on the EMT process in tumor cells [53, 54]. The signaling
pathways participating in the advancement of EMT have also
been shown to play a role in the self-renewal and maintenance
of cancer stem cells (CSCs) [3, 55]. CSCs are characterized by
their unique ability to initiate and extend tumor growth, as well
as their selective ability for self-renewal and differentiation into
tumorigenic cells [53]. CSCs have also been found to be
enriched within circulating tumor cell populations in patients
with a variety of cancers [56, 57]. EMT is thought to generate
CSCs and to contribute to chemoresistance [58]. Based on this
notion, a causal association between CSCs and EMT has been
proposed and it has been suggested that CSCs may effect both
local and distant propagation by acquiring mesenchymal phe-
notypes that allow for systemic migration away from the pri-
mary tumor mass [59].

Transforming growth factor-beta (TGF-β) is a ubiquitous
prototypic multifunctional cytokine involved in EMT devel-
opment, mediating the regulation of EMT-causing transcrip-
tion factors such as Snail, ZEB1, Slug, SOX2, SOX4, Twist
and ID1 (inhibitor of differentiation/DNA binding-1) [60].
TGF-β can induce the EMT process via both Smad-
dependent and Smad-independent pathways [61]. Smad2
and Smad3 proteins undergo phosphorylation and interact
with Smad4, thereby translocating to the nucleus and regulat-
ing the expression of EMT target genes [62]. Several other
signaling pathways have been also implicated in TGF-β1-
i n d u c e d EMT i n t u m o r c e l l s , s u c h a s t h e
phosphatidylinositol-3-kinase (PI3K)/AKT, mitogen-
activated protein kinase (MAPK), Wnt/β-catenin, and nuclear
factor-kappa B (NF-κB) pathways [63]. Vimentin (VIM) is an
intermediate filament protein and a key cytoskeletal element
that is only expressed by mesenchymal cells. Epithelial cells
express cytokeratin, which is replaced by VIM during EMT
[64]. VIM expression is positively associated with tumor pro-
gression to metastasis [65]. ZEB1 regulates the expression of
target genes such as E-cad, which leads to chromatin conden-
sation and gene silencing [51, 66]. SIp1 (or ZEB2) is a mem-
ber of the δEF-1 or ZEB protein family [67], which efficiently
inactivates the E-cad gene by direct binding to its promoter.
As such, it plays a critical role in tumor cell invasion and
propagation [68, 69]. Twist promotes EMTand ECM destruc-
tion during tumor progression [70]. Slug belongs to the SNAI
family of transcription suppressors and is involved in EMT
during normal development [71].

1.2 Curcumin: a bioactive compound

Curcumin (diferuloylmethane), the major component of the
root of Curcuma longa Linn (turmeric; Zingiberaceae), a pe-
rennial plant, has been used for centuries by humans as a curry
spice for cooking, as well as a conventional medicine in India
and China [72]. In traditional Asian medicine, curcumin is
employed for the treatment of multiple diseases such as rheu-
matism, liver disease, insect bites, cough, sinusitis, anorexia
and biliary disorders [73]. It exerts diverse biological functions
including anti-inflammatory [74–76], lipid-modifying [77–79],
anti-thrombotic [80, 81], anti-diabetic [82], anti-oxidative [83,
84], analgesic [85], hepato-protective [86, 87] and anti-
tumorigenic [88–91] functions, and it has been reported to elicit
desirable medicinal effects [92–94]. One of the most interesting
properties of curcumin is its ability to interfere with several
signaling pathways and to target various bioactive molecules
[93]. Curcumin maintains cellular homeostasis against oxida-
tion by blocking endoplasmic reticulum stress [95]. Curcumin
also suppresses fibrosis in organs such as the liver and kidney
[96, 97], attenuates adipose dysfunction and decreases hyper-
glycemia via improvements in insulin sensitivity and glucose
metabolism [98]. Accumulating evidence indicates that
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curcumin may also be effective in inhibiting various phases of
tumor development, i.e., initiation, proliferation, angiogenesis,
dissemination and apoptosis [99]. Several preclinical and clin-
ical investigations have noted a therapeutic potency of
curcumin against several malignancies, including brain, breast,
skin and gastrointestinal cancers [100–102]. Curcumin has
been found to interact with more than 30 proteins, including
transcription factors, growth factors, proinflammatory cyto-
kines, enzymes, as well as free radicals and protein targets that
are involved in human cancer [103, 104].

Curcumin directly binds to cyclooxygenase-2 (COX-2),
DNA polymerase, cytokines, and cellular signaling proteins
such as NF-κB, signal transducer and activator of transcrip-
tion (STAT) proteins, activator protein 1 (AP-1), early growth
response protein 1 (Egr-1), Nrf-2 (also known NFE2L2), β-

catenin and peroxisome proliferator-activated receptor γ
(PPARγ), which are important for tumor development
[105–107]. Curcumin blocks the induction of NF-κB, AP-1
and several regulatory genes involved in cell survival [Bcl- 2,
Bcl-xL, inhibitor of apoptosis (IAP) and cellular FLICE-
inhibitory protein (cFLIP)], proliferation [cyclin D1(CycD1)
and c-Myc], invasion [matrix metalloproteinases (MMP-9)
and urokinase-type plasminogen activator (uPA)] and angio-
genesis [vascular epithelial growth factor (VEGF)] by inter-
fering with Akt/protein kinase B (PKB) and IκBα (inhibitor of
NF- kB) kinase (IKK) [108–110]. Curcumin likewise attenu-
ates protein kinase C (PKC), MAPK, macrophage stimulating
1 (MST1), enhancer of zeste homolog 2 (EZH2), and STAT3
signaling cascades, which are all crucial for cancer develop-
ment and progression [111–113]. Curcumin initiates apoptosis
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Fig. 1 Epithelial-to-mesenchymal transition (EMT) process and inhibito-
ry role of curcumin. (A) Curcumin suppresses EMT by which epithelial
cells with a "cobblestone^ morphology acquire motile mesothelial fea-
tures and an elongated fibroblast-like morphology. This process is initi-
ated via various processes (i.e., EMT inducer signaling pathways , growth
factors, EMT transcription factors and dysregulation of microRNAs) and
is characterized by disassembly of cell-cell contacts through the loss of
epithelial marker proteins including E-cadherin in adherent junctions,
zonula occludens-1 (ZO-1) in tight junctions and desmoplakin in

desmosomes, reconstruction of the cytoskeleton, destruction of the
ECM and upregulation of mesenchymal marker proteins including
vimentin, α-smooth muscle actin (α-SMA), fibronectin and N-cadherin.
Curcumin may also induce a reversal of the EMT process, mesenchymal-
to-epithelial transition (MET). (B) Typical interdependent EMT cascades
induced by inflammation, mechanical stress and hypoxia in tumors in-
cluding invasion, propagation, intravasation into the bloodstream, extrav-
asation from the bloodstream, MET and colonization in surrounding tis-
sues and at distant locations
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in cancerous cells through the activation of caspases and the
release of mitochondrial cytochrome C [114]. Curcumin also
may suppress both tumor formation and progression through
overexpression of glutathione S-transferases (GSTs) [115], by
repressing cytochrome P450 (CYP) enzymes [116, 117], or by
abrogating oxidative stress [118] and inflammation [119]. The
anti-inflammatory properties of curcumin relate to its ability to
decrease the transcription of COX-2, xanthine oxidase,
lipoxygenase, interleukin-1, -6 and -8, prostaglandins, and
tumor necrosis factor-alpha (TNF-α) [120]. Curcumin plays
an anti-oxidative role by scavenging superoxide anions, hy-
droxyl and peroxyl radicals, hydrogen peroxide (H2O2), nitric
oxide (NO), and peroxynitrite [121, 122]. It can stimulate the
regulation of superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), heme oxygenase 1 (HO-1),
GST, NAD(P)H quinone oxidoreductase 1 (NQO-1), and γ-
glutamyl-cysteine ligase (GCL) [123]. Recent studies have
indicated that curcumin can prevent EMT in different disor-
ders through interference with different cellular signaling
pathways (Fig. 2).

2 Effect of curcumin on EMT in human cancers

2.1 Gastrointestinal cancers

2.1.1 Oral cancer

EMT and invasion contribute to the pathogenesis of oral tu-
morigenesis and its propagation [124]. Concordantly, low E-
cad expression and high Twist expression have been associat-
ed with the prognosis and clinical outcome of patients with
oral squamous cell carcinoma (OSCC) [125, 126]. Curcumin
has the potential to prevent oral cancer progression and me-
tastasis, not only by downregulating MMP-2 and -9, but also
by reducing the expression of EMT markers such as Snail,
Twist, and inducing the expression of E-cad and p53, which
is crucial for EMT suppression [11]. As such, curcumin may
serve as a promising compound to be used in adjuvant regi-
mens directed against oral cancer progression and invasion.

2.1.2 Colorectal cancer

There is accumulating evidence supporting an inhibitory role
of curcumin in EMT of colon cells. Recent findings indicate
that curcumin may prevent EMT through suppression of the
Wnt signaling pathway in colorectal cancer (CRC) [12].
Curcumin upregulates the expression of naked cuticle homo-
log 2 (NKD2), a secreted-type Wnt axis inhibitor. Curcumin
can also downregulate the expression of chemokine receptor 4
(CXCR4), and decrease tumor invasion and motility, thus
suggesting a mechanism for preventing the progression of
CRC [12].

Curcumin has been found to suppress transcription factor
Sp-1 and Sp-1 related genes, including ADAM10, calmodu-
lin, EPHB2, histone deacetylase 4 (HDAC4), and
selenoprotein P (SEPP1) in CRC cells [13]. Curcumin has also
been found to block the phosphorylation of focal adhesion
kinase (FAK) and to increase the regulation of ECM compo-
nents that are involved in tumor invasion and propagation
[13]. In addition, curcumin has been found to decrease
CD24 expression and increase E-cad expression in vitro and
in vivo [13]. These findings indicate that curcumin may effec-
tively obstruct CRCmetastasis through downregulation of Sp-
1 and its downstream elements, and may abrogate CRC inva-
sion via inhibition of cell adhesion molecules and cell surface
proteins whilst promoting cell adhesion through increases in
cell-cell tight junctions [13].

Resistance to cytotoxic chemotherapy is one of the main
obstacles in the treatment of CRC patients [127].
Chemoresistance has been associated with EMT [128].
Although curcumin has been reported to increase tumor cell
sensitivity to chemotherapeutic regimens, its underlying mo-
lecular mechanism is, as yet, not completely understood.
Zhang and colleagues explored the sensitization mechanism
of curcumin on resistance of colon cancer cells to irinotecan
chemotherapy [129]. They found that administration of
curcumin suppressed the proliferation of drug-resistant cells
and enhanced their apoptosis. In addition, they found that
treatment with a combination of curcumin and irinotecan led
to upregulation of E-cad and downregulation of VIM and N-
cad [129]. These observations indicate that EMT may play an
important role in irinotecan resistance in colon cancer cells
and that curcumin may reverse this resistance via reversal of
the EMT process. Similarly, Toden et al. assessed the impact
of curcumin and 5-fluorouracil (5-FU) alone, and in combina-
tion, in both parental and 5-FU resistant CRC cells [130].
They found that combination therapy with curcumin and 5-
FU increased apoptosis and suppressed proliferation in both
parental and resistant cells, while 5-FU alone was inefficient
in resistant cells. In addition, they found that curcumin in-
duced the expression of a cluster of EMT-suppressive
miRNAs in resistant cells and inhibited EMT in these cells
by downregulating the transcription of an oncogene (BMI1)
and Polycomb group protein genes (SUZ12 and EZH2), major
modulators of cancer stemness-associated polycomb group
repressive complex subunits. Furthermore, they found that
curcumin sensitized cells to 5-FU, thereby preventing tumor
growth in both xenograft and theoretical models [130].
Targeting both cancer stemness and EMT has been suggested
to se rve as a promis ing approach to overcome
chemoresistance, and underscores the potential use of
curcumin as adjuvant to conventional chemotherapy regimens
in CRC and other human tumors.

Interestingly, curcumin has also been reported to elicit anti-
fibrotic effects [131]. Pretreatment with curcumin has been
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found to mitigate the TGF-β1-induced Smad/α-SMA path-
way and to promote the transcription of PPAR-γ and E-cad
in intestinal epithelial cells [35]. Using a rat model of intestinal
fibrosis, the authors found that oral curcumin supplementation
reduced intestinal fibrosis via increased expression of E-cad
and PPARγ, as well reduced expression of α-SMA, FN, and
connective-tissue growth factor (CTGF) in colon tissue. Taken
together, these findings indicate that curcumin can inhibit
EMT during intestinal fibrosis development through
PPARγ-mediated suppression of the TGF-β1/Smad pathway
[35].

2.1.3 Pancreatic, liver and hepatocellular carcinoma

Tumors have stroma that is required for nutritional support and
the removal of waste products [132]. Reactive stroma consists of
heterogeneous cell populations, including macrophages, cancer-

associated fibroblasts (CAFs), and endothelial cells (ECs)
[133–136]. CAFs are activated fibroblasts in the tumor micro-
environment (TME) [137] that may affect tumor progression
and metastasis and may mediate EMT in tumor cells, thereby
promoting CSC traits [138]. It has been suggested that curcumin
may regulate CAF-mediated invasion and metastasis in pancre-
atic cancer. In addition, it has been found that following
curcumin treatment of pancreatic cancer the expression of mes-
enchymal markers in CAFs may recede and that EMT may be
reversed [14]. The TME has been reported to be able to induce
invasive features in cancer cells via over-expression of NF-kB
and TGF-β, and via inducing a TME feedback loop [139]. In
one study, curcumin has been proposed to act as a promising
regulator of synergistic interactions between CSCs and CAFs in
the TME through its anti-EMT activities [140].

Hypoxia, a common feature of the TME that results from
unordered neovascularization of the tumor mass, is closely
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related to aggressive tumor behavior [141, 142]. Hypoxia-
inducible factor-1α (HIF-1α) is a transcription factor that me-
diates cellular responses under hypoxic conditions and has
been found to be aberrantly expressed in various human ma-
lignancies. Several studies have shown a potential inhibitory
effect of curcumin on HIF-1α [15, 19, 143]. In particular,
curcumin has been found to decrease HIF-1α levels in hepa-
toma cells and to decrease their proliferation and migration.
Curcumin has also been found to abrogate EMT alterations
related to HIF-1α accumulation resulting from a hypoxic
TME [19]. In addition, it has been reported that a synthetic
analogue of curcumin, CDF, can inhibit cell motility, invasion,
and angiogenesis under hypoxic conditions [15]. Interestingly,
CDF has been found to reduce HIF-1α expression in a mouse
orthotopic model of human pancreatic cancer and to reduce
the expression of mesenchymal markers such as VIM, ZEB1,
and Twist in hypoxic tumor spheres [15].

In support of this, Coa and co-workers found that curcumin
may attenuate EMT of pancreatic cancer cells via Hedgehog
(Hh) signaling inhibition [143]. Previously, aberrant activa-
tion of the Hh pathway has been shown to be involved in
tumor progression and metastasis [144]. The Hh signaling
cascade represents a highly conserved cascade, consisting of
the signal molecule Hh, the membrane receptors Ptch and
Smo, and the downstream nuclear transcription factor Gli,
which activates the expression of target genes that play a role
in cell proliferation and death, invasion, angiogenesis and
EMT [142]. Moreover, TGF-β1 has been found to activate
EMT of hepatoma cells via induction of the Hh pathway
[16]. TGF-β1 causes pancreatic cancer cells to express mes-
enchymal features and to develop a fibroblast-like phenotype,
i.e., overexpression of VIM and FN and downregulation of E-
cad, indicating that TGF-β1 can stimulate hepatoma cells to
undergo EMT [16]. The authors found that curcumin signifi-
cantly reversed the EMT of TGF-β1-induced pancreatic can-
cer cells by inhibiting Hh signaling and, thereby, inhibiting the
proliferation, migration and metastasis of these cells [16].
These findings suggest that curcumin may serve as a promis-
ing drug for the treatment of pancreatic cancer through EMT
inhibition via Hh signaling repression.

In line with these results, curcumin has been found to abro-
gate Smad2 phosphorylation and its translocation to the nucle-
us, thereby preventing its binding to the Snail gene promoter
and, thus, Snail expression induction [17, 20, 21]. In hepatic
CSC-like cells, curcumin has been found to effectively inhibit
phthalate-induced migration and invasion, and to prevent EMT
via the aryl hydrocarbon receptor (AhR)/extracellular signal
regulated-protein kinase(ERK)/Sphingosine kinase 1(SK1)/
sphingosine 1-phosphate receptor (S1PR3) pathways [21].

Additionally, curcumin has been found to reduce SOD-
induced formation of ROS andH2O2 in pancreatic cancer cells
(BxPC-3 and Panc-1) [17] and to reduce SOD-induced malig-
nant growth and metastasis of these cells by reducing the

expression of EMT-related factors through the PI3K/Akt/
NF-κB signaling pathway. This pathway is frequently
deregulated in different tumors [1, 145]. Thus, suppression
of the H2O2/Akt/NF-κB signaling pathway by curcumin
may be indicative for its potential in the treatment of pancre-
atic cancer [17].

Kong and co-workers developed a hypoxia-induced EMT
model by treating human hepatocytes with non-toxic doses of
cobalt chloride (CoCl2), and used this model to assess the ef-
fects of curcumin on hepatocyte EMT [18]. They found that
treatment with CoCl2 induced mesenchymal cell features in
hepatocytes and caused overexpression of several mesenchy-
mal markers (α-SMA, VIM, N-cad, FN and Snail), whilst
downregulating the epithelial marker E-cad. Subsequent
curcumin treatment reversed the morphological alterations,
blocked the expression of mesenchymal markers, and induced
E-cad expression. They also found that curcumin perturbed the
TGF-β pathway through abrogating the expression of TGF-β1
and preventing the phosphorylation of Smad molecules [18].
Using an experimental in vivo fibrotic liver model in rats, it was
found that curcumin inhibited hepatic EMT induced by carbon
tetrachloride (CCl4) through abrogation of the TGF-β/Smad
cascade [18]. These in vitro and in vivo results offer a mode
of action for curcumin as a therapeutic drug in the management
of liver fibrosis through EMT inhibition.

Tobacco smoke is considered as a one of the main risk
factor for hepatic cancer [146]. EMT elicited by tobacco
smoke has been found to play an important role in the initia-
tion and progression of this type of cancer [147]. MAPK sig-
naling in tobacco smoke-related tumors affects EMT [28].
Liang et al. found that in tobacco smoke-exposed mice the
ERK1/2, ERK5, and JNK-p38 cascades and the AP-1 protein
were induced in liver tissue [148]. Tobacco exposure has also
been found to decrease the expression of epithelial markers
and increase the expression of mesenchymal markers at both
the transcriptional and translational levels in BALB/c mice
[148]. The authors also found that curcumin could significant-
ly modulate tobacco smoke-induced activation of the ERK1/2
and JNK/MAPK signaling pathways, as well as AP-1 and
EMT alterations, in mouse hepatic tissues. These findings
suggest a possibility of chemoprevention of tobacco smoke-
related pathological changes in hepatocytes, including EMT.

2.2 Non-gastrointestinal cancers

2.2.1 Breast cancer

Mukherjee et al. reported that curcumin may inhibit the nu-
clear translocation of β-catenin, thereby hampering activation
of its EMT-promoting target genes, such as Slug [22]. They
found that curcumin mediates E-cad upregulation and leads to
an increase in E-cad/β-catenin complex formation which, in
turn, inhibits the nuclear translocation of β-catenin through a
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negative feedback loop. Under normal conditions, E-cad in
epithelial cells is associated with β-catenin in adherens junc-
tions, thus preventing the translocation of β-catenin to the
nucleus and impeding its role as a transcriptional activator
[149]. Aberrant expression of β-catenin has been reported to
induce malignant transformation-associated pathways in nor-
mal cells [150] and to play a role in maintaining CSCs, thus
rendering it into a putative drug target. Concordantly, it has
been reported that curcumin can effectively impede the ag-
gressive migration properties of breast CSCs by preventing
the initiation of EMT [22]. This finding may be relevant for
its adjunct to current therapies, such as chemotherapy and
radiotherapy, since these usually do not have the ability to
eradicate CSCs. A combination approach may, thus, allow
for a more effective treatment of highly invasive breast can-
cers [22].

PAC (4-hydroxy-3-methoxybenzylidene)-N-methyl-4-
piperidone), a curcumin derivative, is more stable, has a better
bioavailability profile and is more effective in inducing apo-
ptosis in breast cancer cells than curcumin itself [151].
Moreover, it has been found that PAC-induced cytotoxicity
is more efficient in ERα− cells than in ERα+ cells and that
PAC suppresses pro-metastatic EMT in breast cancer cells,
with superior potency in the triple-negative subtype [152].

Gallardo et al. reported that curcumin can reduce the ex-
pression of EMT-related genes in breast cancer cells, includ-
ing E-cad, N-cad, SIP2, Twist, Slug, Axl, VIM, STAT-3, FN,
p53 and Cav-1, as well as the pro-apoptotic genes caspase-3
and -8, and other cancer-related genes such as CycD1and
NF-κB [23]. All these expression effects were found to result
in reduced migration, invasion, apoptosis and metastatic ca-
pabilities of breast cancer cells [23].

More recently, the effect of curcumin on lipopolysaccha-
ride (LPS)-induced EMT in breast cancer cells (MCF-7 and
MDA-MB-231) was investigated [24]. It was found that
curcumin significantly reduced the morphological changes
related to LPS, reduced the expression of the LPS-induced
EMT marker VIM, and increased the expression of E-cad
[24]. This effect was mediated through suppression of the
NF-κB-Snail signaling cascade. This observation indicates
that curcumin has the ability to oppose LPS-stimulated EMT
through inhibition of NF-κB-Snail activity in breast cancer
cells, thereby hampering their dissemination and invasion
[24]. In contrast, Paramita et al. reported that curcumin ad-
ministration in selected doses was unable to modulate the
expression of VIM, TGF-β1 and E-cad and, thereby, could
not prevent EMT in cancer cells subjected to prolonged
endoxifen treatment [153]. The discrepancy between these
results may at least partly be attributed to differences in treat-
ment duration.

Doxorubicin is commonly administered for the treatment
of metastatic breast cancer [149]. Doxorubicin treatment may,
however, elicit several undesirable effects such as drug

resistance and the acquisition of invasive potential by tumor
cells through EMT and attainment of a mesenchymal pheno-
type [154]. It has been shown that the TGF-β and PI3K/AKT
signaling cascades underlie doxorubicin-induced EMT, and
that curcumin can prevent doxorubicin-induced EMT, mor-
phological changes, down-regulation of E-cad and/or over-
expression of VIM through suppressing these cascades
[155]. The authors also found that curcumin may increase
the antiproliferative potency of doxorubicin and, thereby, de-
crease the clinical dosage of doxorubicin and inhibit its ad-
verse effects [155].

2.2.2 Melanoma

Diphenyl difluoroketone (EF24) is another curcumin analog
that exhibits a better bioavailability and tolerance than
curcumin itself [156]. Low-dose EF24 has been reported to
cause cell cycle arrest and cell death [25]. EF24 has also been
found to abrogate metastatic behavior and EMT in melanoma
cells (Lu1205 and A375) through expression induction of E-
cad, dephosphorylation of STAT3 and downregulation of VIM
and N-cad [25]. In addition, EF24 has been found to induce
upregulation of miR-33b via direct targeting of the archetype
transcription factor high mobility group AT-hook 2 (HMGA2)
[25]. HMGA2 can alter chromatin structures and, by doing so,
affect gene expression through specific DNA binding [157].
Previous studies have reported that HMGA2 may, next to its
involvement in various biological processes such as embryonic
development, cell growth, cell cycle regulation, migration and
senescence, be overexpressed in epithelial and interstitial tu-
mors [158]. Moreover, it has been found that EF24 can atten-
uate melanoma metastasis and EMT through miR-33b-
dependent HMGA2 inhibition, thereby providing new leads
to the treatment of metastatic melanoma [25].

Fibroblast activation protein α (FAPα) is a serine protease
that plays a role in ECM remodeling which is augmented by
CAFs, but is not found in normal human tissues [159].
Although FAPα is considered to be a target for cancer treat-
ment, it has been found that inhibition of FAPα+ fibroblasts
induces secretion of IFN-γ and TNF-α [160]. Both these cyto-
kines are known to play a role in tumor progression and to
prevent effective treatment, especially vaccine-based treatment.
This is due to the fact that IFN-γ can induce the expression of
indolamine-2,3-dioxygenase (IDO), thereby contributing to
immunosuppression, while TNF-α can induce EMT. It has
been found that curcumin can block the expression of IDO
and TNF-α-activated EMT, thereby ameliorating the invasive
and metastatic behavior of melanoma cells [160]. The authors
also found that administration of FAPαc vaccine together with
curcumin can modulate tumor tolerance and induce tumor-
responsive T cells through IDO expression suppression, there-
by stimulating FAPα antibody production and CD8+ T cell-
mediated killing of FAPα-expressing stromal cells. This
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combination was found to prolong the survival of mice im-
planted with melanoma cells [160]. Collectively, these data
indicate that administration of FAPαc vaccine together with
curcumin may be a promising approach for the treatment of
melanoma [160].

2.2.3 Urological cancers

Renal fibrosis is an indicator of end-stage renal disease
(ESRD) and of chronic allograft nephropathy [161]. Since
EMT is the major mechanism underlying renal fibrosis, its
prevention may slow down the advancement of fibrosis
[162]. Myofibroblasts are known to be the major effector cells
involved in the initiation and progression of renal fibrosis in
chronic kidney disease [163]. It has been estimated that nearly
one third of myofibroblasts originate from the EMT process
[161, 164]. TGF-β1 induces EMT, not only by activating the
Smad-dependent pathway, but also by activating Smad-
independent pathways such as the Akt/mTOR pathway, which
is involved in renal fibrosis [165, 166]. Activation of Akt
triggers EMT development in tubular epithelial cells through
downregulation of epithelial cell markers (E-cad and β-caten-
in) and overexpression of mesenchymal markers (VIM) [167].
It has been found that curcumin can significantly enhance the
proliferation and maintain the shape and morphology of renal
tubular epithelial cells [36]. Interestingly, it has also been
found that curcumin can inhibit TGF-β1-induced EMT by
preventing Akt/mTOR pathway signaling, one of the mecha-
nism by which curcumin exerts its anti-fibrotic effects [36].
Consistent with this observation, others found that curcumin
can decrease TGF-β1 and TGF-β receptor type II levels, with-
out affecting the phosphorylation of Smad2 and Smad3 in
renal tubular epithelial cells [37]. Instead, curcumin was found
to decrease the phosphorylation of ERK and PPARγ that are
both induced by TGF-β1, and to increase the nuclear translo-
cation of PPARγ in a Smad-independent way. Additionally,
these authors found that use of an ERK inhibitor or a PPARγ
inhibitor reversed the effects of curcumin on α-SMA, PAI-1,
E-cad, and TGF-β receptors [37]. Inhibition of PPARγ sig-
naling did not affect ERK phosphorylation, but blocking of
the ERK pathway prevented PPARγ phosphorylation. Taken
together, these data indicate that curcumin may interfere with
TGF-β1-induced EMT via both ERK- and PPARγ-dependent
pathways in renal tubular epithelial cells [37].

In vivo and in vitro studies have provided evidence
supporting the beneficial effects of curcumin in reversing
EMT in podocytes [168]. It was found that curcumin treat-
ment significantly attenuated metabolic aberrations, kidney
function, and morphological changes in streptozotocin
(STZ)-induced diabetic rats and that curcumin inhibited
EMT of podocytes in these rats by preventing Canine adeno-
virus 1 (cav-1) phosphorylation and effecting cav-1 and β-
catenin stabilization [168]. Cav-1 retains β-catenin at the cell

membrane and, thereby, prevents β-catenin nuclear transloca-
tion, binding to its specific transcription factor Lef-1 [169] and
expression of its target genes [170]. Knockdown of cav-1 has
been found to lead to a remarkable decrement in E-cad and β-
catenin accumulation in inter-endothelial junctions [170].

Involvement of hepatocyte growth factor (HGF) and its
receptor tyrosine kinase and the c-Met pathway in tumor
growth, invasion and metastasis has been reported in various
human tumors [171]. The downstream phosphorylation axis
of HGF, specifically theMAPK and PI3K/AKT pathways, has
been found to regulate the EMT process [26]. HGF can induce
EMT in prostate cancer cells by increasing the expression of
VIM, whereas curcumin can attenuate their cell migration and
invasion [26]. Furthermore, curcuminwas found to effectively
reverse HGF-induced EMT in prostate cancer cells by down-
regulating the expression of phosphorylated c-Met, Snail and
their associated signaling pathways [26].

CAFs can trigger EMT of prostate cancer cells via the
monoamine oxidase A (MAOA)/mTOR/HIF-1α signaling
pathway [27]. MAOA, a mitochondrial enzyme, has been as-
sociated with prostate tumorigenesis and invasion by activa-
tion of EMT, regulation of Twist1, and stabilization of the
transcription factor HIF-1α, which mediates hypoxia through
increases in reactive oxygen species (ROS) [172]. Two tran-
scription factors, mTOR and HIF-1α, are known to play a
major role in CAF-mediated EMT induction in prostate cancer
cells [173]. mTOR regulates EMT through downregulation of
the RhoA and Rac1 cascades [173]. Indeed, HIF-1α has been
found to be associated with the EMT process via induction of
both Twist and Snail-1, causing increased invasiveness [174,
175]. Curcumin has been found to inhibit CAF-induced EMT
of prostate cancer cells via prevention of the MAOA/mTOR/
HIF-1α signaling pathway [27].

In another study the role of the ERK5/AP-1 pathway in
benzidine-induced EMT in human normal SV-40 immortal-
ized human urothelial cells (SV-HUC-1) was evaluated, as
well as the impact of curcumin on EMT induced by benzidine
[176]. A specific ERK5 inhibitor, XMD8-92, was found to
reverse the EMT process [177], whereas curcumin was found
to decrease benzidine-elicited urocystic EMT by abrogating
the ERK5/AP-1 pathway [176]. The inhibitory role of
curcumin on benzidine-induced EMT via the ERK5/AP-1
pathway suggests a potential application for curcumin in the
treatment of bladder cancer [176].

CSCs play a crucial role in the advancement of several
cancers including tobacco smoke-associated cancers [178].
Exposure to tobacco smoke (TS) is a key independent risk
factor for bladder cancer [179], although the exact mechanism
of TS exposure-induced urocystic EMT and the development
of CSC features is as yet unknown. It has been found that
prolonged exposure to tobacco smoke may trigger EMT and
elevated levels of stemness markers [147], whereas the Wnt/
β-catenin pathway has been found to mediate tobacco smoke-
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induced EMT and stemness [180]. In addition, it has been
found that curcumin administration may reverse TS-induced
urocystic activation of Wnt/β-catenin, EMT and the accumu-
lation of CSC traits [178]. Similarly, tobacco smoke exposure
for 12 weeks has been found to cause upregulation of the
ERK1/2, JNK-p38 and ERK5/MAPK pathways, as well as
AP-1, in bladder cancer cells [28]. Smoke exposure also de-
creased the expression of E-cad and zona occludens-1 (ZO-1),
but increased the expression of VIM and N-cad at both the
mRNA and protein levels in bladder cancer cells. After
curcumin administration, upregulation of the ERK1/2, JNK
and p38 MAPK pathways, AP-1 and EMT changes induced
by tobacco smoke were found to be significantly decreased in
bladder tissues [28]. These results indicate a beneficial role of
curcumin in tobacco smoke-elicited MAPK activation and
EMT, thereby opening new avenues for chemoprevention of
tobacco smoke-related bladder cancer [28].

2.2.4 Thyroid cancer

Curcumin induces significant morphological changes in thy-
roid cancer cells, changing them from a spindle fibroblast-
like, mesenchymal phenotype to a more epithelial polarized
phenotype [29, 30]. Curcumin has been found to increase the
expression of E-cad and decrease the expression of VIM in
papillary thyroid cancer cells and to impede TGF-β1-induced
EMT through downregulation of the Smad2/3 signaling path-
ways and theMMP-2 andMMP-9 proteins [29]. These unique
anti-metastatic and anti-EMT effects of curcumin may allow
for the design of effective regimens for chemoprevention of
relapse and metastasis in thyroid cancer.

2.2.5 Lung cancer

Tobacco smoke is known as a critical risk factor for the devel-
opment of lung cancer, and determining the molecular mech-
anisms underlying tobacco smoke-induced cancer are there-
fore of paramount importance [181]. Both the mRNA and
protein expression levels of the epithelial markers E-cad and
ZO-1 were found to be decreased, while those of the mesen-
chymal markers VIM and N-cad were found to be increased,
in response to tobacco smoke exposure. Also, increases in
ERK1/2, JNK and p38 MAPK signaling, and the AP-1 pro-
tein, and a decrease in ERK5/MAPK signaling were observed
in lung tissues of mice exposed to tobacco smoke [31]. The
authors found that curcumin treatment ameliorated tobacco
smoke-induced MAPK/AP-1 activation (ERK1/2, JNK and
p38 MAPK pathways, and AP-1) and induced EMT in lung
tissues [31].

It has also been found that curcumin may reverse HGF-
induced motility and EMT-associated morphological alter-
ations in lung cancer cells (A549 and PC-9) by targeting the
c-Met/Akt/mTOR signaling cascades [32]. In human

umbilical vein endothelial cells (HUVECs), curcumin has
been found to reduce PI3K/Akt/mTOR signaling and to acti-
vate apoptosis, thereby decreasing the metastatic capacity of
HGF-treated HUVECs. The authors also found that, in an
experimental animal model, curcumin suppressed HGF-
induced tumor growth and induced overexpression of E-cad
and downregulation of VIM, CD34, and VEGF expression
[32]. These findings emphasize the ability of curcumin to
avert HGF-induced EMTand angiogenesis by interfering with
the c-Met and PI3K/Akt/mTOR axes [32].

Bisdemethoxycurcumin (BDMC) is a putative analogue of
curcumin with anti-cancer properties including suppression of
EMT, invasion and dissemination [182]. BDMC has been
found to repress TGF-β1-induced EMT in 95D non-small cell
lung cancer (NSCLC) cells and to disrupt the Wnt/β-catenin
pathway by elevating Wnt inhibitory factor-1 (WIF-1) protein
expression [33]. WIF-1 is a key molecule regulating the re-
sponse of BDMC to TGF-β1-induced EMT via the control of
tumor progression and metastasis[33]. These data indicate that
BDMCmay affect EMT induced by TGF-β1 in NSCLC cells,
which is regulated by WIF-1 [33].

2.2.6 Retinal pigment epithelial EMT

Proliferative vitreoretinopathy (PVR) is characterized by a
series of steps initiating from the occurrence of a retinal tear,
and terminating in detachment, apoptosis and constriction of
membranes [183]. Aberrant deposition of collagen and matrix
components followed by accumulation of excessive numbers
of fibroblasts leads to tissue fibrosis [184]. A key element of
PVR is an excessive inflammatory response to tears and de-
tachment of the retina [185]. Release of retinal pigment epi-
thelial (RPE) cells via retinal breaks causes migration through
the retinal surface [186]. RPE cells undergo EMT to form
fibroblast-like cells that are actively involved in scar forma-
tion through ECM genesis in the retina and, subsequently,
PVR [187]. Adjuvant therapies to suppress the relapse of
PVR post-surgery have been proven unsuccessful in clinical
trials [188]. It has been found, however, that curcumin may
reverse EMT by blocking Smad-3 phosphorylation elicited by
TGF-β1 in adult human RPE cells, ARPE-19 [34]. In addi-
tion, it has been found that curcumin can effectively decrease
the mRNA and protein levels of EMT markers induced by
TGF-β1, including α-SMA, VIM, ZO-1 and MMP-2 in
ARPE-19 cells. As such, curcumin can be proposed as option
for pre-clinical assessment in PVR adjuvant therapy [34].

3 Conclusions and perspectives

Several studies have documented an important role of EMT in
cancer progression [7–9]. The process of EMT involves a
wide range of signaling pathways and crosstalk between
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different molecules. EMT contributes to the emergence of
CSC traits and to recurrence and resistance to chemo- and
immuno-therapy. Its reverse process, MET, is less well char-
acterized. The exact determination of EMT in cell culture
systems is limited due to its transient and reversible nature.
TGF-β has emerged as an effective inducer of EMT through
both SMAD-dependent and SMAD-independent pathways.
Thus, therapies aimed at targeting these signaling pathways
via TGF-β may serve as promising approaches to prevent
invasive growth of cancer cells and to inhibit metastasis. In
the past two decades, curcumin has attracted increasing atten-
tion as a plausible novel anti-tumor agent based on its potent
anti-tumor effects in experimental models and its low toxicity

in normal tissues (Fig. 3). Data from preclinical and clinical
studies confirm that oral administration of curcumin is safe
and well-tolerated, though low water-solubility and bioavail-
ability may hamper its clinical application. Several studies
have confirmed that curcumin may considerably inhibit tumor
cell growth, proliferation, invasion, and angiogenesis.
Curcumin may also modulate and potentially prevent EMT,
thereby enhancing cell adhesion and the formation of cell-cell
tight junctions (Fig. 3). Recent data indicate that curcumin can
also exert chemo-preventive effects by inhibition and reversal
of the EMT process through both TGF-β-dependent (e.g. hep-
atoma and retinal pigment epithelial cancer) and -independent
(e.g. oral cancer, CRC, pancreatic cancer, hepatocellular

EMT process
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Fig. 3 Inhibitory actions of curcumin in cancer. Curcumin directly binds
to cyclooxygenase-2 (COX-2), DNA polymerase, cytokines, transcrip-
tion factors and cellular proteins such as NF-κB, signal transducer and
activator of transcription (STAT) proteins, activator protein 1 (AP-1),
early growth response protein 1 (Egr-1), Nrf-2 (also known NFE2L2),
β-catenin, and peroxisome proliferator-activated receptor γ (PPARγ),
that play important roles in tumor development. Curcumin blocks NF-
κB, AP-1 and proteins that are involved in cell survival [Bcl- 2, Bcl-xL,
inhibitor of apoptosis (IAP) and cellular FLICE-inhibitory protein
(cFLIP)], proliferation [cyclin D1(CycD1) and c-Myc], dissemination

[matrix metalloproteinases (MMP-9) and urokinase-type plasminogen
activator (uPA)] and angiogenesis [vascular epithelial growth factor
(VEGF)] by interfering with Akt/protein kinase B (PKB) and IκBα
(inhibitor of NF-κB) kinase (IKK). Curcumin likewise attenuates protein
kinase C (PKC), MAPK, macrophage stimulating 1 (MST1), enhancer of
zeste homolog 2 (EZH2), and STAT3 signaling cascades, which are cru-
cial for tumor initiation and progression and initiates apoptosis in tumor
cells through activating caspases and the release of mitochondrial cyto-
chrome C
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carcinoma, breast cancer, melanoma, prostate cancer, bladder
cancer, thyroid cancer and lung cancer) pathways. In addition,
it has been found that curcumin can evade chemoresistance
through EMT suppression and promote the antiproliferative
effects of conventional chemotherapeutics. Therefore,
curcumin has the potential to be used as a novel adjunctive
agent to prevent tumor metastasis, whichmay at least partly be
attributed to its potency to hamper the EMT process. Future
knowledge gained from pre-clinical studies may allow a fur-
ther elaboration of strategies to target EMT related to intestinal
and renal fibrosis, as well as to tumor progression and
metastasis.
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