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Abstract
Curcumin, traditionally used as food and medicinal purposes, has recently been reported to have protective efficacy against

hypoxia. Hypoxia is one of the important reactive factors in tumor metastasis, which is a key problem in clinical thyroid cancer

therapy. In present study, we investigate the anti-metastatic effect of curcumin on the K1 papillary thyroid cancer cells as well as

its potential mechanisms. The results show that curcumin effectively inhibits hypoxia-induced reactive oxygen species (ROS)

upregulation and significantly decreases the mRNA and protein expression levels of hypoxia-inducible factor-1a (HIF-1a) in K1

cells. Curcumin also decreases the DNA binding ability of HIF-1a to hypoxia response element (HRE). Furthermore, curcumin

enhances E-cadherin expression, inhibits metalloproteinase-9 (MMP-9) enzyme activity, and weakens K1 cells migration under

hypoxic conditions. In summary, these results indicate that curcumin possesses a potent anti-metastatic effect and might be an

effective tumoristatic agent for the treatment of aggressive papillary thyroid cancers.
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Introduction

Recently, extensive research has been carried out on the
health-promoting properties of different phytochemicals.1

Traditional herbal polyphenols have attracted the inter-
est of many researchers due to their anti-oxidant,
anti-inflammatory, anti-bacterial, anti-mutagenicity, and
anti-cancer properties.2,3 Curcumin (bis(4-hydroxy-3-meth-
oxy-phenyl)-1,6-heptadiene-3,5-dione), derived from the
plant turmeric, is one of the best characterized polyphenols
in several South Asian countries. Curcumin also has a long
history of being used to treat inflammation and cancer in
India and China. However, its anticancer actions are com-
plicated and the mechanisms responsible for its anticancer
effects remain incompletely understood.

Thyroid cancer is the most common endocrine tumor.4

Papillary thyroid cancer (PTC) is the most common thyroid
malignancy. Current clinical treatments for thyroid cancer
include surgery, radioactive iodine (131I) therapy, chemo-
therapy, or a combination of all of these treatments.
However, more than 6% of thyroid cancers are invasive
and metastatic.5 The metastasis of thyroid cancer is serious

and regarded as the first sign of a potentially lethal out-
come.6 Thus, preventing metastasis is essential in thyroid
cancer therapy. A few studies have demonstrated curcumin
plays an important role in inhibiting invasion.7 In human
laryngeal cancer Hep2 cells, curcumin has been shown to
inhibit tumor cell invasion and metastasis by down-
regulating metalloproteinase-2 (MMP-2) expression and
reducing the activity and expression of integrins and focal
adhesion kinase (FAK).8 Given the results of our previous
studies, curcumin is a plausible candidate for preventing
metastasis. In this study, we investigate whether curcumin
can inhibit tumor metastasis in PTC K1 cells.

Hypoxia is a common condition in solid tumors. One
major regulator used by cancer cells to adapt to hypoxia is
the transcription factor hypoxia-inducible factor-1 (HIF-1).
HIF-1 is composed of an oxygen-regulated HIF-1a and a
constitutively expressed HIF-1b subunit. HIF-1b is constitu-
tively expressed and not responsive to oxygen concentra-
tions while HIF-1a is the most ubiquitously expressed, and
functions as the master oxygen homeostasis regulator in
many cell types.9 HIF-1a is hydroxylated and rapidly
degraded under normoxic conditions. In contrast, under
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hypoxic conditions, HIF-1a rapidly accumulates and
transactivates many genes, including angiogenic and extra-
cellular proteases such as the MMPs.10 Among the MMPs,
MMP-9 has been positively correlated with a higher inci-
dence of metastases in thyroid cancer.11 In addition, HIF-1a
also regulates E-cadherin expression. A previous study by
Imai et al. demonstrated that hypoxia decreased the expres-
sion of E-cadherin in ovarian cancer cells.12 Further study13

has confirmed that E-cadherin is lost from the human breast
cancer cell (MDA-MB-468) surface after hypoxia. It is well
known that MMP-9 and E-cadherin are the hallmarks of
tumor metastasis and invasion. The extent of hypoxia in a
tumor may, therefore, represent an independent indicator of
a poor prognosis for the tumor.

In present study, we demonstrate that curcumin inhibits
hypoxia-induced migration in K1 PTC cells via regulation
the expression and DNA binding activity of HIF-1.

Materials and methods
Chemicals

Curcumin, dichloro-dihydro-fluorescein diacetate
(DCFH-DA), dimethyl sulfoxide (DMSO), gelatine, phenyl-
methylsulfonylphenylmethylsulfonyl fluoride (PMSF),
Nonidet P-40 (NP-40), and propidium iodide (PI) were pur-
chased from Sigma (St. Louis, MO). Anti-HIF-1a was
purchased from Novus and the antibodies of E-cadherin,
BNIP3, and b-actin were purchased from Santa Cruz. Other
drugs and reagents used in this study were as follows: M-
MLV reverse transcriptase, RNase inhibitor, dNTP, and Taq
polymerase (Promega, USA). All of the other chemicals
were of the highest analytical grade and purchased from
common sources. The curcumin was dissolved in DMSO
at 10 mg/mL and stored at �20�C until diluted before use.

Cell culture and drug treatment

K1 PTC cells were obtained from the European Collection
of Cell Cultures and maintained in a complete medium
(DMEM:F-12:MCDB105¼ 2:1:1) containing 10% fetal
bovine serum, 100 U/mL penicillin, and 100 U/mL strepto-
mycin in a humid atmosphere of 5% (v/v) CO2 and 95%
(v/v) air at 37�C. The K1 cells in the log phase were plated
in cell culture dishes (Corning, NY) at a density of 3� 105

cells per well for the 35 mm dish and 6� 105 cells per well
for the 60 mm dish and then left for overnight culture. The
cells were pretreated with different concentrations (12.5, 25,
and 50mmol/L) of curcumin for 1 h. Then, after the medium
containing curcumin was removed, the cells were exposed
to hypoxia (2% O2, 93% N2, and 5% CO2, v/v) for an add-
itional 12 h. The control cells were treated with the same
medium without curcumin and exposed to normal
oxygen levels. The solvent control (SC) contained an
amount of DMSO equivalent to the highest concentration
used in the curcumin-treated group.

Hypoxic conditions (2% O2, 93% N2, and 5% CO2 v/v)
were achieved in a humidified variable aerobic workstation
(Theom-3131#, USA). Before the experiment, the media
were pre-equilibrated overnight at this oxygen level.

Cell viability assay

The effects of hypoxia and curcumin on cell viability were
determined by the MTT assay. In brief, for hypoxia experi-
ment, cells (10,000 cells per well) underwent 6, 12, 24, 48,
and 72 h hypoxia in quadruplicate in a 96-well plate. And
for curcumin experiment, cells were pretreated with curcu-
min in quadruplicate in a 96-well plate for 1 h at normal
oxygen. After washed once with phosphate-buffered
saline (PBS) and replaced with serum-containing medium
without curcumin, the cells were exposed to hypoxia for an
additional 24 h. Then, for both hypoxia and curcumin pre-
treated groups, 40 mL of MTT solution (5 mg/mL) was
added to each well and incubated for another 4 h at 37�C.
The supernatants were aspirated carefully and 150mL of
DMSO was added, and then the plate was holding on vibra-
tor for 20 s. The optical density of the cell suspension was
measured at 570 nm using a microplate reader (Bio-Tek
instruments Inc., Winooski, VT). Cell viability was
expressed as a percentage of MTT reduction, assuming
that the absorbance of untreated cells was 100%.

Western blot analysis

Cellular total protein prepared from the cells was used to
analyze the HIF-1a and E-cadherin protein. In brief, K1 cells,
pretreated with curcumin under hypoxic conditions, were
collected and washed with PBS. After centrifugation, the
cells were collected and lysed in 20mL lysis buffer
(150 mmol/L NaCl, 1% [w/v] NP-40, 0.02% [w/v] sodium
azide, 10 mg/mL PMSF, 50 mmol/L Tris–HCl [pH 8.0]) sup-
plemented with additional protease inhibitor PMSF. The
lysate was frozen and thawed three times, then centrifuged
at 12,000�g for 5 min at 4�C. The supernatant was collected
and the protein concentration was determined using the
Bradford assay. After the addition of a sample loading
buffer, the protein samples were electrophoresed on a 10%
SDS-PAGE and subsequently transferred onto a polyvinyli-
dene fluoride membrane (Millipore, USA). Next, the mem-
brane was incubated in a fresh blocking buffer (0.1% [v/v]
Tween 20 in Tris-buffered saline, pH 7.4, containing 5%
[w/v] skim milk) at room temperature for 1 h and then
probed with the following antibodies: anti-b-actin (1:1000,
v/v), anti-HIF-1a (1:1000, v/v), anti-BNIP3 (1:500), and anti-
E-cadherin (1:1000, v/v) in a blocking buffer at 4�C over-
night. After being washed three times (5 min per a wash)
with Tris-buffered saline with 0.1% (v/v) Tween 20 (TBST),
the membrane was incubated again at room temperature for
1 h with the appropriate horseradish peroxidase (HRP)-con-
jugated secondary antibody (Goat anti-mouse IgG, 1:500
v/v, or Goat anti-rabbit IgG, 1:500 v/v, Santa Cruz
Biotechnology, CA) and then washed three times with a
TBST buffer. The membrane was then incubated with
enhanced chemiluminescence substrate solution (Santa
Cruz Biotechnology) for 5 min, according to the manufac-
turer’s instructions and then visualized with X-ray film.

Reverse transcriptase-polymerase chain
reaction (RT-PCR)

After cell collection, the total RNA was extracted from the
cells using the Tripure reagent (Roche, USA), as described
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by the manufacturer. First-strand cDNAs were generated
by reverse transcription using oligo (dT) from RNA sam-
ples. The primer sequences (Sangon, Shanghai, China) were
as follows: HIF-1a, forward 5’-CTTCTGGA
TGCTGGTGATT-3’, reverse, 5’-TCCTCGGCTAGTTAG
GGTA-3’; BNIP3, forward 5’-CCACCTCGCTCGCAG
ACACCAC-3’, reverse, 5’-GAGAGCAGCAGAGATGGA
AGGAAAAC-3’ and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), forward, 5’-AATGACCCC
TTCATTGAC-3’, reverse, 5’-TCCACGACGTACTC
AGCGC-3’. The PCR was performed using an initial step
of denaturation at 94�C for 5 min, with 35 cycles of ampli-
fication at 94�C for 30 s, annealing at 60�C for 30 s, elong-
ation at 72�C for 30 s, and extension at 72�C for 5 min,
annealing at 58�C for 30 s for BNIP3 exceptionally. The
PCR products were electrophoresed in 2% agarose gel and
visualized by ethidium bromide (EB) dying. The relative
expression was quantified densitometrically using the
GIS-2019 system (Tanon, Shanghai, China), and calculated
according to the reference bands of GAPDH.

Electrophoretic mobility shift assay (EMSA)

The cells were pretreated with three different concentra-
tions (0, 25, and 50 mmol/L) of curcumin for 1 h. Then, the
cells were washed with PBS three times and exposed to
hypoxia for 12 h. Nuclear extracts were prepared and
used to detect further HIF-1a translocation according to
the manufacturer’s protocol for the Thermo Scientific
LightShift Chemiluminescent EMSA Kit (Cat.No.20148). In
brief, the probe containing the HIF-1a oligonucleotide con-
sensus sequence was labeled with biotin. The sequence of
the oligonucleotide was forward, 5’-BIOTIN-TCTGTAC
GTGACCACACTCACCTC-3’, reverse, 3’-AGACATGCAC
TGGTGTGAGTGGAG-BIOTIN-5’. The unlabeled probe
sequence was forward, 5’-TCTGTACGTGACCACAC
TCACCTC-3’, reverse, 5’-GAGGTGAGTGTGGTC
ACGTACAGA-3’, and the mutant probe sequence was for-
ward, 5’-TCTGTAAAAGACCACACTCACCTC-3’, reverse,
5’-GAGGTGAGTGTGGTCTTTTACAGA-3’. The DNA–
protein complex was separated on a non-denaturating 6%
polyacrylamide gel. After electrophoresis, the DNAs were
transferred onto a nylon membrane at 100 V for 30 min.
Then the transferred DNAs were cross-linked to the nylon
membrane by two 45 s ultraviolet ray exposures at
120 mJ/cm2. Subsequently, the blocked nylon membrane,
which was soaked in blocking buffer and shaken at 25�C
for 15 min, was probed with streptavidin–HRP conjugate
(1:300 dilution). After the probing, the membrane was
soaked in substrate working solution (2 mL Luminol/
enhancer solution and 2 mL stable peroxide solution) for
5 min, and exposed with X-ray film. The band in the film
was analyzed using the GIS-2019 system. The sequence spe-
cificity of the nuclear protein binding to all of the oligo-
nucleotides was confirmed by competition studies in
which the nuclear extracts were incubated for 10 min at
room temperature with a 100-fold molar excess unlabeled
probe and a mutant probe before the addition of labeled
oligonucleotides.

Zymography

The K1 cells were incubated in serum-free media under
normoxic or hypoxic conditions for 0, 6, 12, and 24 h. The
curcumin-treated cells were also incubated in serum-free
media for 12 h under hypoxic conditions. The cells’ culture
medium samples were then collected and concentrated
using Amicon Ultra centrifugal filter devices (Millipore).
The samples containing an equal amount of total proteins
were loaded on denaturing 10% polyacrylamide-SDS gels
containing 0.1% gelatin. After electrophoresis, the gels were
washed twice in 50 mmol/L Tris-HCl buffer (pH 7.5) for
30 min, which contained 2.5% Triton X-100. Then, the
gels were incubated in an activation buffer (50 mmol/L
Tris-HCl [pH 7.5], 200 nmol/L NaCl, 1mmol/L ZnCl2, and
10 mmol/L CaCl2) for 24 h at 37�C until enzymatic degrad-
ation of the substrate had taken place. The gels were stained
with 0.1% Coomassie blue R-250 (Sigma, St. Louis, MO) and
then destained. Gelatinolytic bands were observed as clear
zones against the blue background, and the intensity of the
bands was quantified using the GIS-2019 system, to provide
a semi-quantitative assay of the enzymatic activity.

In vitro wounding-healing experiment

In vitro wounding-healing was performed using a modified
version of the scratch assay. The K1 cells were grown to
confluence in 60 mm dishes; then, after being washed
with serum-free medium, the monolayers were scratched
with a plastic pipette tip to create cell-free areas
(‘‘wounds’’). The cultures were washed twice in a serum-
free medium to remove cell debris and the marked area of
the wound was photographed under phase-contrast
microscopy. The cells were covered with serum-free
medium. For the curcumin treatment, the cells were incu-
bated in curcumin (25 and 50 mmol/L) for 1 h before the
‘‘wound,’’ and were then washed and photographed.
Subsequently, the dishes underwent normoxia or hypoxia
for 24 h, after which the marked areas of the wound were re-
photographed. The recovery of the wound areas were
determined by multiplying the length by the average
width of the recovered areas. The wound closure was the
recovered area divided by the initial area devoid of cells.
The experiment was independently repeated in triplicate.

Invasion assay

The cancer cell invasive ability with or without curcumin
treatment was examined by a transwell membrane culture
system (8 mm pore size, 6.5 mm diameter, Corning Costar
Corporation) precoated with Matrigel (2.5 mg/mL).
Briefly, the K1 cells were harvested in complete medium
at density of 5� 105 cells/mL. To the lower wells of the
chambers, 600mL of conditional medium were added.
Hundred microliters of cells were seeded onto the upper
pre-coated wells, then the chamber was incubated at hyp-
oxia for 0, 6, 12, and 24 h or pretreatment with curcumin
(12.5, 25, and 50 mmol/L) for 1 h and hypoxia for 24 h. After
hypoxic treatment, the cells in the upper well were removed
with a cotton swab, and the remaining cells beneath the
membrane were stained with Hoechst 33342 (10mg/mL)
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and inspected and counted under a fluorescence micro-
scope. The experiments were performed in triplicate.

Measurement of ROS

The reactive oxygen species (ROS) generation in cells was
assessed using the fluorescent probe DCFH-DA. DCFH-DA
is a cell-permeable indicator for ROS that is nonfluorescent
until the acetate groups are removed by intracellular ester-
ases and oxidation occurs within the cell. After varying
amounts of time (0, 1, 2, 4, and 24 h) of exposure to hypoxia,
the cells were washed with PBS three times and loaded with
DCFDA-DH (10 mmol/L) for 30 min in MEM without
phenol red. The cells were then collected by centrifugation,
washed twice with PBS, and analyzed by flow cytometry
through the FL1 channel.

Statistical analysis

The results were expressed as mean� SEM. Two group
comparisons were evaluated using the Student’s t-test and
the differences were considered statistically significant
when P< 0.05.

Results
The effects of hypoxia and curcumin pretreatment
on the cell viability of K1 cells

K1 cells were exposed to hypoxia condition for different
time periods and cell survival was assessed by MTT assay.
As shown in Figure 1b, cells viability slightly decreased
after hypoxia, but there were no significant decrease
within 24 h hypoxia compared to control cells. However,

longer period hypoxia upon 48 h markedly decreased cells
survival. There were only 77.6� 5.5% at 48 h and
62.7� 4.8% at 72 h viable cells as compared to control
cells, respectively. Therefore, the treatment of hypoxia for
24 h was used in the subsequent experiments. As shown
in Figure 1c, pretreatment of curcumin (12.5, 25, and
50mmol/L) for 1 h had no obvious effects on the cells via-
bility compared to SC cells under hypoxia of 24 h. These
results demonstrated exposure of K1 cells to hypoxia con-
dition for 24 h in the presence or absence of curcumin pre-
treatment had no significant effects on its cell viability.

Curcumin down-regulates the mRNA and protein
expression levels of HIF-1a

It is well known that hypoxia induces the expression of HIF-
1a. However, HIF-1a expression in K1 papillary thyroid
carcinoma cells under hypoxia is unclear. In this study,
HIF-1a mRNA noticeably increased after a period of hyp-
oxia. Compared to normoxic condition, the mRNA level
increased by 5.1-fold after hypoxia incubation for 6 h.
At 12 h and 24 h, it increased by 11.17- and 11.45-folds,
respectively (Figure 2a). Pretreatment with curcumin for
1 h significantly decreased the expression of HIF-1a
mRNA to 74.9% and 39.3% at 25 and 50 mmol/L, respect-
ively (Figure 2b). It indicates that curcumin could inhibit the
mRNA expression of HIF-1a in a dose-dependent manner.
Consistent with mRNA expression, the protein expression
of HIF-1a was up-regulated in a similar manner. After K1
cells were exposed to hypoxia for different time periods, the
expression of HIF-1a protein dramatically increased after
hypoxic incubation compared to normoxia, and reached

Figure 1 The effects of hypoxia and curcumin pretreatment on the cell viability of K1 cells. (a) Chemical structure of curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-

1,6-heptadiene-3,5-dione). (b) Effects of hypoxia on K1 cell viability. K1 cells were treated with hypoxia (2% O2, v/v) for 6, 12, 24, 48, and 72 h. Then, the cells and Cont

were determined by MTT assay. (c) Effects of curcumin on K1 cell viability. K1 cells were exposed to various concentrations of curcumin (12.5, 25, and 50mmol/L) for 1 h.

Subsequently, the cells underwent hypoxia (2% O2, v/v) for 24 h. Then, these cells and Cont were determined by MTT assay. All of the data were expressed as the

mean�SEM of the three experiments and each included triplicate sets. Cont: control, SC: solvent control. *P<0.05 and **P< 0.01 versus Cont (Student’s two-tailed

t-test)
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maximum at 12 h, and then decreased at 24 h (Figure 2c).
Pretreatment with curcumin (25 and 50 mmol/L) for 1 h sig-
nificantly down-regulated the expression of HIF-1a in the
K1 cells (Figure 2d).

Curcumin decreases the DNA-binding ability
to the HRE of HIF-1a

EMSA was performed to confirm the HIF-1a binding to the
putative hypoxia response element (HRE) consensus.
Nuclear proteins extracted from cells pretreated with cur-
cumin (25 and 50 mmol/L) for 1 h and incubated under hyp-
oxia for 12 h were harvested for further EMSA assay. The
shift-band indicated that the HIF-1a was bound with the
HRE element. The DNA-binding activity of HIF-1a in
these samples was significantly higher than in the normoxic
cells (Figure 3a, lane 2). To identify the specificity of the
labeled probe, an unlabeled probe or a mutated probe
were used to compete with the labeled probe. The shift-
band was competitively blocked by a 100-fold excess of
unlabeled specific probes, but not by 100-fold of mutant
HIF-1a probe. These results confirmed that HIF-1a binds
specifically to the HRE probe (Figure 3a, lanes 3 and 4).

Meanwhile, curcumin pretreatment (25 and 50 mmol/L)
noticeably decreased the DNA-binding activity of HIF-1a
(Figure 3b).

Curcumin suppresses hypoxia-induced secretion
of MMP-9

HIF regulates the expression of over 100 genes that modu-
late key aspects of tumorigenesis, including angiogenesis,
metabolism, proliferation, invasion, and metastasis.14

MMP-9, which plays a key role in tumor metastasis, is
one of the most important downstream genes regulated
by HIF. To investigate the effects of curcumin on tumor
invasion, MMP-9 gelatinase activity was analyzed using
zymography. Densitometry analysis indicated that MMP-9
activities under hypoxic conditions were significantly
increased compared to its activity under normoxic condi-
tions. The MMP-9 activities increased to about 2-fold under
hypoxia within 12 or 24 h (Figure 4a). However, pretreat-
ment with curcumin at 25 and 50 mmol/L significantly sup-
pressed the secretion of MMP-9. The relative activities of the
drug treatment groups were 0.64 - and 0.43-fold, respect-
ively, compared to that of the SC (P< 0.01). These results

Figure 2 Effects of curcumin on the mRNA and protein expression levels of HIF-1a. (a) Expression of HIF-1a mRNA induced by hypoxia (2% O2, v/v) for different time

periods (6, 12 and 24 h). GAPDH is used as internal control. The graph shows the densitometry analysis of HIF-1a/GAPDH. (b) The effects of curcumin on HIF-1a mRNA

expression. After pretreatment with curcumin (12.5, 25, and 50mmol/L), the cells were exposed to hypoxia for 12 h. Subsequently, the HIF-1a mRNA was analyzed with

RT-PCR. GAPDH was detected for internal control. (c) Expression of HIF-1a protein induced by hypoxia (2% O2, v/v) for different time periods (6, 12, and 24 h). The

bottom graph shows the densitometry analysis of HIF-1a/b-actin. (d) Curcumin-decreased HIF-1a protein expression. The cells were treated with or without curcumin

(12.5, 25, and 50mmol/L) and were exposed to hypoxia for 12 h. They were then analyzed with a Western blot of total cellular protein. Equal amounts of total cellular

protein (60 mg) were loaded and b-actin was used as an internal control. The densitometry analysis is also shown below. All of the data represent the means�SEM of

three independent experiments. Cont: control, SC: solvent control. *P<0.05, **P< 0.01 versus SC (Student’s two-tailed t-test)
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Figure 4 Curcumin inhibits MMP-9 activity and restores E-cadherin expression. (a) Hypoxia increases the MMP-9 activity. MMP-9 was measured by gelatin

zymography after exposure to hypoxia for different times (6, 12, and 24 h). The densitometry analysis of MMP-9 bands is listed below. (b) Inhibition effects of curcumin

on MMP-9 activity. After pretreatment with curcumin (12.5, 25, and 50mmol/L), the cells underwent hypoxia for 12 h, and then the activity of MMP-9 was analyzed, the

bottom graph is also the densitometry analysis. (c) Hypoxia-diminished E-cadherin protein expression after hypoxia (2% O2, v/v) for different times (6, 12, and 24 h). (d)

Curcumin-restored E-cadherin protein expression. Cells were treated with or without curcumin (12.5, 25, and 50 mmol/L) and then were exposed to hypoxia for 12 h. E-

cadherin protein levels were analyzed by Western blot. SC: solvent control. All of the data represent the means�SEM of three independent experiments. Cont: control,

SC: solvent control. *P<0.05, **P<0.01 versus SC (Student0s two-tailed t-test)

Figure 3 Effects of curcumin on HIF-1a protein binding with HRE. (a) The EMSA control system was used to identify the specificity of HIF-1a binding to a biotin-probe.

The K1 cell was treated with or without hypoxia for 12 h, and then the nuclear extracts (10mg) were analyzed by EMSA. The negative control indicates the sample without

hypoxia. The labeled HIF-1a probe, unlabeled probe (100�), and mutant probe were samples that had undergone hypoxia for 12 h. (b) Effects of curcumin pretreatment

on HIF-1 DNA binding activity in K1 cells. After curcumin (25 and 50mmol/L) pretreatment for 1 h followed by hypoxia incubation for 12 h, the nuclear extracts (10mg)

were analyzed by EMSA. Cont: control, SC: solvent control
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demonstrate that curcumin suppresses MMP-9 secretions in
a dose-dependent manner (Figure 4b).

Curcumin up-regulates E-cadherin expression

In addition to MMP-9, E-cadherin also plays a critical role in
tumor metastasis.15 As shown in Figure 4c, when K1 cells
were exposed to hypoxia for 12 h, the decline tendency of
E-cadherin expression continued for 24 h. Pretreatment
with curcumin (25 and 50 mmol/L) effectively elevated the
expression of E-cadherin, which was down-regulated by
hypoxia (Figure 4d).

Curcumin blocks the migration of K1 cells

The results of the zymography (Figure 4) and the E-cad-
herin (Figure 4) test suggest that curcumin may possess
the potential to inhibit cell migration under hypoxic condi-
tions. As shown in Figure 5a, hypoxia promoted the migra-
tion of K1 cells and significantly accelerated wound closure.
However, curcumin dose-dependently slowed down the
wound closure at 25 and 50 mmol/L.

Curcumin inhibits cell invasion

Cell invasion assay was performed using the transwell
membrane culture system. As shown in Figure 5b, cell

Figure 5 Curcumin decreases K1 cells migration and invasion. (a) Curcumin inhibits scratch wound healing. The cells were scratch-wounded with a sterile 200mL

pipette tip and then incubated under hypoxia (2% O2, v/v) or normoxia (21% O2, v/v). Representative wounds were photographed after scratch wounding (0 h)

and after 24 h of healing. (b) Hypoxia enhances cells invasion. After hypoxia (2% O2, v/v) over various times (6, 12, and 24 h), the cancer cell invasive ability

was examined by membrane transwell culture system precoated with Matrigel (2.5 mg/mL). Morphology of cells was determined by staining with Hoechst 33342

(10mg/mL) and inspected with a fluorescence microscope. (c) Curcumin decreases cells invasion induced by hypoxia. After pretreatment with curcumin (12.5, 25, and

50mmol/L), the cells were exposed to hypoxia for 24 h, subsequently, the cells invasion was examined. The wound closure was calculated in three independent

experiments. Cont: control, SC: solvent control. *P<0.05, **P<0.01 versus SC (Student’s two-tailed t-test). (A color version of this figure is available in the online

journal.)
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invasion were significantly increased in a time-dependent
manner under hypoxic conditions compared to normoxic.
However, pretreatment with curcumin at 12.5 and
25 mmol/L significantly suppressed the cell invasion com-
pared to that of the SC (P< 0.05), and 50mmol/L of curcu-
min pretreatment group showed more significant effects
against cell invasion (P< 0.01) (Figure 5c).

Curcumin effects BNIP3 expression

BNIP3 is one of the HIF target genes and plays an important
role for hypoxia-induced apoptosis and autophagy.16

Therefore, the BNIP3 expression under hypoxia was inves-
tigated. Both mRNA and protein levels of BNIP3 were only
slightly increased within 24 h of hypoxia. For 48 h of hyp-
oxia, there was a significant increase of BNIP3 expression

compared to control cells (Figure 6a, c). However, to inves-
tigate curcumin effect on BNIP3, pretreatment with curcu-
min (25 and 50 mmol/L) for 1 h slightly down-regulated the
mRNA and protein expression of BNIP3 to about 90% that
of SC, but there was no significant difference between these
groups (Figure 6b, d).

Curcumin inhibits hypoxia-induced ROS production

The effect of hypoxia on intracellular ROS production was
investigated by flow cytometry. Cells cultured in 2% O2 for
different time periods were incubated with DCFH-DA to
detect the intracellular ROS level. As shown in Figure 7a,
after culture under hypoxia condition for different times,
the ROS level in the K1 cells significantly increased; com-
pared to the normoxia control, the relative ROS levels were

Figure 6 Curcumin decreases the expression of BNIP3. (a) Expression of BNIP3 mRNA induced by hypoxia (2% O2, v/v) over various times (12, 24, and 48 h). The

GAPDH band is shown to confirm the equal loading of RNA. The graph shows the densitometry analysis of BNIP3/GAPDH. (b) The effects of curcumin on BNIP3 mRNA

expression. After pretreatment with curcumin (12.5, 25, and 50mmol/L), the cells were exposed to hypoxia for 24 h; subsequently, the BNIP3 mRNA was analyzed with

RT-PCR. GAPDH was detected for internal control. (c) Expression of BNIP3 protein induced by hypoxia (2% O2, v/v) over various times (12, 24 and 48 h). The bottom

graph shows the densitometry analysis of BNIP3/b-actin. (d) Curcumin decreases BNIP3 protein expression. The cells were treated with or without curcumin (12.5, 25

and 50mmol/L) and were exposed to hypoxia for 24 h. They were then analyzed with a Western blot of total cellular protein. Equal amounts of total cellular protein (60mg)

were loaded and b-actin was used as an internal control. The densitometry analysis is also shown below. All of the data represent the means�SEM of three

independent experiments. Cont: control, SC: solvent control. *P<0.05, **P< 0.01 versus SC (Student’s two-tailed t-test)
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145� 7.9% at 1 h, 131� 8.7% at 4 h, 147� 7.2% at 12 h, and
164� 6.6% at 24 h, respectively. Hypoxia induced a rapid
ROS production within 1 h, therefore the samples that had
undergone hypoxia for 1 h were selected for further experi-
ments. Pretreatment with curcumin (25 and 50 mmol/L) for
1 h significantly attenuated the generation of ROS under
hypoxia condition. As illustrated in Figure 7b, the relative
level of ROS decreased from 168� 36.7% of SC group to
127� 20% and 113� 24.9% in 25 and 50 mmol/L curcumin
of pretreatment groups, respectively. However, further
study showed that curcumin was unable to attenuate ROS
generated by hypoxia over 4 h or a longer period (data not
shown). Taken together, these results indicated that curcu-
min decreased the level of hypoxia-induced ROS in K1 cells
in a dose-dependent manner.

Discussion

PTC accounts for 80% of all thyroid cancers and the overall
10-year survival rate is more than 90%. However, there is
only a 60% survival rate in 10-year follow-ups for PTC with
extensive metastasis.17 Thus, metastasis presents particular
difficulties in thyroid cancer therapy.

HIF-1 is an oxygen-dependent transcriptional activator,
which plays crucial roles in tumor progression and metas-
tasis. Consistent with previous reports,9,18 a significant
increase in HIF-1a mRNA levels was observed in K1 cells
under hypoxia condition (Figure 1a). However, some stu-
dies have come to controversial conclusions regarding the
hypoxia-induced alterations of HIF-1a mRNA levels. Kallio
et al. found that HIF-1a expression increases under hypoxic
environment, but that the greatest change is in the protein
level rather than in the transcription level.19 Other study
reported that cobalt ions can stabilize HIF-1a protein
levels by inhibiting prolyl hydroxylase activity, but have
no effect on HIF-1a mRNA.20 It should be noticed that
Kallio’s hypoxic model of cobalt chloride-inducing hypoxia

differed from our hypoxia method. Therefore, the different
results with regard to HIF-1a may be due to the different
cell types or different experiment methods used in each
system. Treatment of curcumin dose-dependently
decreased the mRNA levels of HIF-1a which is induced
by hypoxia (Figure 1b). Similar results were obtained in
HIF-1a protein expression by Western blot analysis. We
observed that the pretreatment of curcumin down-regu-
lated the protein expression of HIF-1a induced by hypoxia
(Figure 2d). The result was similar to previous reports,21

which showed that curcumin down-regulated HIF-1a pro-
tein levels and activity and led to the inhibition of vascular
endothelial growth factor (VEGF) gene expression.

Reversing HIF-1a protein expression had a positive
effect in anti-hypoxia experiments, as did decreasing
the binding activity of HIF-1a to HRE. When O2 is absent,
stabilized HIF-1a is translocated to the nucleus, where it
forms a heterodimer with HIF-1b. The HIF-1 heterodimer
is a transcription factor recognized by many HRE sites on
chromosomes.22 By EMSA method, a significant HIF-
1a/HRE shift-band was observed indicating the binding
of HIF-1a to HRE element in hypoxic conditions.
Curcumin significantly inhibited the DNA binding ability
of HIF-1a (Figure 3a, b).

HIF-1a is a hallmark of tumor invasion and metastasis.
Our data verified that curcumin inhibited the expression
and DNA binding activity of hypoxia-induced HIF-1a, we
next asked whether curcumin had any effect on inhibiting/
suppressing tumor metastasis. Epithelial-mesenchymal
transition (EMT) is considered as a pivotal event in the meta-
static cascade that allows cells to acquire migratory and
invasive ability.23 It has been reported that HIF-1 promotes
EMT through direct regulation of EMT-related proteins,
such as TWIST.24 During EMT process, epithelial cell
layers lose polarity together with cell-to-cell contacts.
The expression of proteins that promote cell-to-cell contact,

Figure 7 Curcumin inhibits hypoxia-induced ROS in K1 cells. (a) Time-dependent effects of hypoxia-induced ROS in K1 cells. K1 cells were exposed to hypoxia for

indicated times (2% O2, v/v), subsequently, cells were stained with DCFA-DH (10mmol/L) for 20 min and analyzed with flow cytometry. *P< 0.05 and **P<0.01 versus

control (Student’s two-tailed t-test). (b) Effects of curcumin on hypoxia-induced ROS in K1 cells. K1 cells were exposed to various concentrations of curcumin (0, 12.5,

25, and 50 mmol/L) for 1 h. Then the cells underwent hypoxia (2% O2, v/v) for 1 h. After pretreatment, the cells were detected by DCFA-DH. All of the data were

expressed as the mean�SEM. of the three experiments and each included triplicate sets. Cont: control, SC: solvent control. *P<0.05 versus SC (Student’s two-tailed

t-test)
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such as E-cadherin, may be lost, and the cells may acquire
mesenchymal markers such as vimentin and the MMPs
MMP-9, resulting in an enhanced ability for cell migration
and invasion.25 It has been reported that curcumin disrupted
EMT process via inhibition of NF-kB-Snail signaling path-
way as well as upregulation of E-cadherin expression.26 In
our study, cell migration was augmented after hypoxic treat-
ment (Figure 5a). Pretreatment of curcumin significantly
attenuated the K1 cells hypoxia-induced motor ability.

E-cadherin plays a critical role in tumor invasion and
metastasis. In normal tissue, E-cadherin and b-catenin
form an E-cadherin/b-catenin complex that maintains cell
polarity and organizes structure integrity. In contrast,
E-cadherin expression decreases in tumor tissue, which
attenuates a cell’s adhere ability and enhances its motor
ability, leading to cell ablate and migration.27 E-cadherin
also correlates with hypoxia-induced tumor cell migration
and invasion.28 Consistent with published reports, our
results demonstrated that E-cadherin was down-regulated
(Figure 4d).

Interfering E-cadherin-mediated cell–cell adhere is an
important factor in tumor invasion and a disorganizing
extracellular matrix (ECM) coordinates the effect. ECM is
the extracellular part of animal tissue that usually provides
structural support for the cells and a mechanical barrier to
tumor cell invasion. MMP-9 is the primary type of MMP,
which involve a large family of zinc-dependent endopep-
tidases that degrade ECM proteins. By zymographic exam-
ination, we demonstrated that pretreatment with curcumin
decreased the MMP-9 activity induced by hypoxia in K1
cells (Figure 4b). Other studies have confirmed the
hypoxia-stimulated MMP-9 expression using the isolated
rat lung mast cells model29 and the breast cancer cells
model.30 Choi et al. further demonstrated that HIF-1a regu-
lated MMP-9 expression via HIF-1a RNA interference.
Furthermore, suppressing MMP-9 expression and activity
inhibits tumor cell migration and invasion.31 Therefore, the
migration experiment proved that curcumin inhibited the
hypoxia-induced migration of K1 cells and Transwell
experiment further displayed curcumin’s effect of sup-
pressing K1 cells invasion (Figure 5). All of these results
demonstrated the involvement of MMP-9 in the process
through which curcumin inhibits K1 cell migration and
invasion. Together, these studies demonstrate that curcu-
min can effectively inhibit hypoxia-induced K1 cell migra-
tion and invasion by suppressing MMP-9 activity.

Considering that HIF-1 could also affect BNIP3 expres-
sion and regulates cell viability via autophagy and apop-
tosis pathways,16 we next investigate the mRNA and
protein expressions of BNIP3 under hypoxia condition.
Our results indicated no significant differences were
detected in the mRNA and protein expressions of BNIP3
within 24 h under hypoxia (2% oxygen). For long period of
hypoxia up to 48 h, both mRNA and protein expressions of
BNIP3 were significantly induced. Curcumin treatment also
had no effect on the mRNA and protein expressions of
BNIP3 under hypoxia (Figure 6). Indeed, in our model,
the cell viability only slightly decreased and no significant
apoptotic cells were detected after hypoxia for 24 h
(Figure 1b). Based on these data, we conclude that curcumin

inhibited hypoxia-induced migration in K1 cells in a BNIP3-
independent way.

Accumulated evidence indicated that ROS stimulates
HIF-1a expression.32 Consistent with previous reports,33

we found that pretreatment with curcumin inhibited ROS
production (Figure 7). These results support the hypothesis
that curcumin affects HIF-1a by scavenging the intracellular
biological free radicals in K1 cells. Other mechanism needs
to be further investigated.

Overall, our study confirms that curcumin is a promising
anticancer and anti-metastasis compound. Our results
reveal that curcumin probably affects the HIF-1a levels,
including the pre-transcription and post-transcription
levels. Further experiments clarified the relationship
between curcumin and two tumor EMT hallmarks (E-
cadherin and MMP-9), and demonstrated that curcumin
inhibited hypoxia-induced K1 cells migration and invasion.
This knowledge may be useful for the development of com-
bination therapies that use curcumin with other anti-metas-
tasis drugs to treat papillary thyroid carcinomas.

Conclusion

The present study demonstrated that curcumin signifi-
cantly inhibits the ROS production as well as the mRNA
and protein expression of HIF-1a in hypoxic K1 cells, blocks
the binding activity of HIF-1a to HRE, enhances E-cadherin
expression, inhibits MMP-9 activity, and suppresses the
migration ability of K1 cells under hypoxic conditions.
Therefore, curcumin possesses a distinct anti-metastatic
property and may be used for the development of combin-
ation therapies with other anti-metastasis drugs to treat
papillary thyroid carcinomas.
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