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Abstract

Keywords

We investigated the combinatorial treatment of curcumin and epigallocatechin-gallate (EGCG) 
in human epidermoid carcinoma cell line A-431. When combined, concentrations of EGCG and cur-
cumin lower than 25 M increased proliferation, but 50 M curcumin led to near complete prolif-
eration/viability inhibition. As reference, the compounds were also tested on normal  broblast cells, 
CCD-1070Sk, where they did not show any toxicity, except in the highest concentration sample. In 
A-431 cell line, curcumin and EGCG combinations induced cell death by apoptosis, collapse of the 
mitochondrial membrane depolarization ( m) and increase the cell number in S phase of cell cycle. 
Nevertheless, the most powerful compound in inducing the above e  ects was curcumin. Next, we have 
shown that EGCG scavenged ROS produced by 25 M curcumin with an EC50 of 44.34 M EGCG. 
In conclusion, curcumin and EGCG combinations exert m collapse, cell death and cell cycle arrest 
in A-431 cells at concentrations not a  ecting the viability of normal skin  broblasts. 
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Introduction
The polyphenols are known for their ability to inter-

fere with tumor formation, which may also reduce the risk 
of developing di  erent types of cancer (LAUBACH et al. 
[10]). A better understanding of the mechanisms of ac-
tions of phytochemicals can help us adopt the best strategy 
in cancer prevention. One of the most well-known poly-
phenols are the catechins found in green tea, especially 
epigallocatechin-3-gallate (EGCG) and it has been used 
frequently as an anti-carcinogenic agent in vivo and in 
vitro studies (HU et al. [5]). Curcumin is the natural poly-
phenol from turmeric, found in the roots of the herbaceous 
perennial plant, Curcuma longa, which is naturally found 
in Asian countries (HEWLINGS et al. [4]). Recent stud-
ies revealed the useful properties of curcumin in cancer 
progression by inducing apoptosis and oxidative stress in 
tumour formation, in cooperation with modulator activity 
of in  ammatory signaling pathways (SHABANINEJAD 
et al. [13]). In previous studies, our research group stud-
ied the e  ects of curcumin or EGCG in A-431 epidermoid 
cancer cell line, but as individual exposure (CIOLAC et al. 
[2], MOCANU et al. [12], FILIPPI et al. [3]). New studies 
demonstrated that EGCG may also have synergistic activ-
ity with curcumin and other drugs, in di  erent cancer cell 
lines (JIN et al. [6]).

The aim of the study was to investigate the combi-
natorial e  ect of curcumin and EGCG in the hypertriploid 
human epidermoid carcinoma cell line, A-431. Several 
concentrations of curcumin and EGCG are used to study 
the e  ect of curcumin and EGCG on colony formation, 
viability, mitochondrial membrane depolarization and 
formation of reactive oxygen species (ROS). We also 
demonstrated that curcumin and EGCG induce apoptosis 
in a dose-dependent manner and this is correlated with 
the increase of curcumin concentration. To investigate 
whether EGCG and curcumin have harmful e  ects onto 
normal human cells, these two compounds were tested in 
experiments with CCD-1070Sk, a normal  broblast skin 
cell line.

Materials and Methods 

Cell cultures and treatments 
Experiments were performed using epidermoid carcino-

ma cell line A-431 and normal skin  broblast CCD-1070Sk 
cells from American Type Culture Collection. The cells were 
grown in DMEM (Sigma, Saint Louis, MO) supplemented 
with 10% heat inactivated FBS (Sigma, Saint Louis, MO), 
2 mM L-glutamine (Thermo Fisher Scienti  c/ Gibco, Carls-
bad, CA) and 1% Penicillin/Streptomycin (Thermo Fisher 

Scienti  c/ Gibco, Carlsbad, CA), in a humidi  ed incubator 
at 37°C, 5% CO2. Curcumin (Sigma, Saint Louis, MO) and 
EGCG (Sigma, Saint Louis, MO) were used from 50 mM 
solutions prepared in DMSO (Sigma, Saint Louis, MO) in 
the day of the experiment. In all control samples, DMSO 
was added at the same volume as in the treated samples. 

Cytotoxicity assay
A-431 and CCD-1070Sk cells were seeded in 96-well 

 at-bottom microplates at a density of 104 and 2 x 104 cells/
well, respectively 24 h prior to the experiments and incu-
bated for 48 h with either 25 M curcumin plus 0, 5, 10, 25, 
50 M EGCG or 25 M EGCG plus 0, 5, 10, 25, 50, 100 M 
curcumin or DMSO control. The viability assay was carried 
out with water soluble tetrazolium salt (Roche Diagnostics 
GmbH, Mannheim, Germany) to evaluate the in  uence of 
number of the cells on the viability experiments. The as-
say is based on the reduction of water soluble tetrazolium 
salt (WST-1) to formazan in viable cells due to mitochon-
drial dehydrogenase activity. The absorbance of formazan 
was measured at 450 nm and corrected at 620 nm using a 
96-well spectrophotometer (In  nite 200 PRO plate reader, 
Tecan Life Sciences).

ROS production and viability assay
Cells plated in 6 well plates at 2 x 105 cells/well were 

let to adhere for 24 h and then treated with 25 M curcumin 
plus 0, 5, 10, 25, 50,100 M EGCG or 25 M EGCG plus 
0, 5, 10, 25, 50, 100 M curcumin or DMSO control for 48 
h. Trypsinized cells and those found in the supernatant were 
stained for 30 min with 5-(and-6)-carboxy-2’,7’- dichloro- 
dihydro-  uorescein diacetate (caboxy-

H2DCFDA, Molecular Probes) and propidium iodide for 
15 min and washed in PBS; the samples were measured with 
Gallios (Beckman Coulter, Brea, CA)  ow cytometer (exci-
tation: 488 nm, emission: 525 ± 40 nm for carboxy-H2DCF-
DA and emission: 620 ± 30 nm for propidium iodide). Cur-
cumin  uorescence was subtracted from treated, non-stained 
samples. EC50 was calculated by the best nonlinear  t using 
Equation (1):

where, X is logarithm with base 10 of the concentration 
of EGCG, LogEC50 is the logarithm with base 10 of the 
half-maximal e  ective concentration, Y is carboxy-H2D-
CFDA  uorescence intensity, and “top” and “bottom” are 
plateau values.

Mitochondrial membrane potential 
A-431 cells were grown in 6 well plates, incubated 

for 48 h with 25 M curcumin plus 0, 5, 10, 25, 50, 100 
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M EGCG or 25 M EGCG plus 0, 5, 10, 25, 50, 100 
M curcumin or DMSO control, stained 15 minutes with 

5 g/ml JC-1 (Thermo Fisher, Carlsbad, CA) at 37°C, 
trypsinized, washed in PBS and measured with Gallios 
(Beckman Coulter, Brea, CA)  ow cytometer (excitation: 
488 nm, JC1 monomer emission: 525 ± 40 nm, JC1 aggre-
gates emission: 575 ± 30 nm). Curcumin  uorescence was 
subtracted from treated, non-stained samples. EC50 values 
were calculated from inhibition curves  tted in Prism 5 
(GraphPad Software Inc., USA).

Cell cycle evaluation
A number of 2 x 105 A-431 cells were seeded in 6 well 

plates and, after being left to adhere for 24 h, the cells were 
synchronized in the G0/G1 phase of the cell cycle by 24 h 
incubation in serum free media. At this point, the cells were 
treated for 48 h with 25 M curcumin plus 0, 5, 10, 25, 
50 M EGCG or 25 M EGCG plus 0, 5, 10, 50, 100 M 
curcumin or DMSO control,  xed for 3 h in 70% ethanol 
at -20°C, stained with propidium iodide in RNase staining 
bu  er (BD Bioscience, San Jose, CA). Measurements are 
carried out with Gallios (Beckman Coulter, Brea, CA)  ow 
cytometer (excitation: 488 nm, emission: 620 ± 30 nm). De-
convolution and gating of the populations in di  erent cell 
cycle phases was done automatically in Flowing Software 
2.5.1 (University of Turku, Finland).

Apoptosis assay
A-431 cells plated in 6 well plates at 2 x 105 cells/well 

were let to adhere for 24 h and then treated with 25 M cur-
cumin plus 0, 5, 10, 25, 50, 100 M EGCG or 25 M EGCG 
plus 0, 5, 10, 25, 50, 100 M curcumin or DMSO control for 
48 h. The supernatant was collected, added to the trypsinized 
cells, washed in PBS and stained with propidium iodide and 
Annexin V-APC. The samples were measured with Gallios 
(Beckman Coulter, Brea, CA)  ow cytometer (excitation: 
488 nm, emission: 620 ± 30 nm for propidium iodide and 
excitation: 635 nm, emission: 660 BP for Annexin V-APC). 
Curcumin  uorescence was subtracted from treated, non-
stained samples.

Data analysis 
Data are represented as mean ± standard error of the 

mean (s.e.m.). Signi  cance was assayed ANOVA with 
Dunnett post-test for multiple column analysis. A value 
of p < 0.05 was set as level of signi  cance. Raw data 
were analyzed using Flowing Software 2.5.1 (University 
of Turku, Finland) and ImageJ v.1.48 (NIH, USA) and for 
the statistical analysis Microsoft Excel 2010 (Microsoft 
Inc., USA) and Prism 5 (GraphPad Software Inc., USA) 
were used.

Results and Discussions 

Small EGCG and curcumin concentrations 
increase cell proliferation, high curcumin 
concentrations lead to cytotoxicity in the A-431 cell 
line. Normal  broblasts are una  ected

In our experiments (Fig. 1A, 1B) with A-431 cell line, 
small concentrations of EGCG and curcumin led to a moder-
ate increase in proliferation (a maximum of 167.8 ± 26.22 % 
for the 25 M EGCG, 10 M curcumin sample compared to 
the 100 ± 35.4 % in the control), while the higher curcumin 
concentrations of 50 and 100 M highly reduced the number 
of metabolically active cells (21.6 ± 5.2% and 14.26 ± 4.2%, 
respectively). In normal  broblasts cell line, CCD-1070Sk 
small compound concentrations also led to an increase in 
proliferation (160.2 ± 30.3% in the 25 M curcumin plus 5 

M EGCG sample), while the highest concentrations tested, 
25 M plus 100 M curcumin led to a moderate drop in vi-
able cells (60.2 ± 21.7%).

EGCG and curcumin combinations induce cell 
death in the A-431 cell line

To con  rm the results obtained in WST-1 tests, we as-
sayed cell death by  ow cytometric measurement of propid-
ium iodide stained A-431 cells (Fig. 1C, 1D). The viability 
of 25 M EGCG plus up to 10 M curcumin treated samples 
was not a  ected while higher curcumin concentrations were 
highly cytotoxic. 25 M EGCG plus 25 M curcumin re-
duced viability to 42.7 ± 12.7% (**p<0.01, one way ANO-
VA, Dunnett post-test), 25 M EGCG plus 50 M curcumin 
to 36.0 ± 4.6% (***p<0.001) and 25 M EGCG plus 100 

M curcumin to 7.0 ± 0.9% (***p<0.001). This e  ect is 
caused mainly by curcumin as 25 M curcumin alone re-
duced viability to 47.0 ± 4.3% and the addition of increasing 
EGCG concentrations up to 100 M did not substantially 
change this proportion.

Curcumin induces reactive oxygen species 
formation, EGCG scavenges ROS

The concentration of 25 M curcumin, found to induce 
cell death in about 50% of cells, induced massive ROS pro-
duction (MFIR of 7.7). EGCG alone did not generate ROS 
as it does when used alone (FILIPPI et al. [3]) and increasing 
concentrations of EGCG scavenged ROS e   ciently (with 
a MFIR of 5.03 in the 25 M curcumin and 50 M EGCG 
sample, **p<0.01, and a MFIR of 3.81 in the 25 M cur-
cumin and 100 M EGCG sample, ***p<0.001, one way 
ANOVA, Dunnett post-test) (Fig. 2). EGCG mediated the re-
duction of curcumin-induced ROS production with an EC50 
of 43.3 M. Increasing curcumin concentrations could not 
be tested as carboxy-H2DCFDA bleached curcumin  uores-
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cence possibly by FRET and curcumin only treated cells had 
higher  uorescence than the corresponding curcumin plus 
carboxy-H2DCFDA samples.

Mitochondrial membrane potential collapse after 
exposure to treatment 

When cells were treated with a  xed 25 M EGCG 
concentration and increasing curcumin concentrations, 
curcumin showed an EC50 value 23.5 M in mitochon-

drial membrane depolarization, with 50 and 100 M cur-
cumin inducing m collapse in most of the cells (85.1 ± 
8.3% cells and 83.6 ± 15.7, respectively, **p<0.01, way 
ANOVA, Dunnett post-test) (Fig. 3B). This e  ect was al-
most entirely caused by curcumin and not EGCG as 25 M 
curcumin alone induced mitochondrial potential collapse 
in about half the cells (48.9 ± 18.7%) (Fig. 3E). The lower 

m reduction action of EGCG was also shown in experi-
ments where the curcumin concentration was  xed at 25 

M and no substantial added drop in m was observed 

Figure 1. EGCG – curcumin co-treatment induces tumor cell death. (A) The total number of viable cells as in  uenced by 
cell death and cell proliferation is mainly una  ected by 25 M curcumin plus varying EGCG concentrations in both cancer 
and normal cells. (B) 25 M EGCG plus higher than 50 M curcumin drastically reduces the viability/proliferation of cancer 
cells, with no or little e  ect on normal, not transformed, cells. (C) 25 M curcumin reduces by itself the viability to about 
50% and the addition of up to 100 M EGCG contributes to an additional drop in viability to about 30% in A-431 cells. (D) 
By itself, 25 M EGCG does not in  uence tumor cell viability and the addition of curcumin reduces the viability in a dose-
dependent manner, with 100 M curcumin being toxic to almost all A-431 cells. Each column represents mean and s.e.m. 
from three repetitions and signi  cance was assessed with ANOVA / Dunnett post-test *p<0.05, **p<0.01, ***p<0.001.

Figure 2. EGCG scavenges the Reactive Oxygen Species (ROS) produced by curcumin. (A) EGCG shows a dose dependent 
decrease in the ROS generated after 25 M curcumin treatment, the highest concentration tested, 100 M EGCG, halving 
the  uorescence associated with the ROS intracellular concentration. (B) Also shown are representative histograms for 25 

M curcumin plus varying EGCG concentrations treated samples versus control. **p<0.01, ***p<0.001 by ANOVA with 
the Dunnett post-test.



Curcumin and EGCG in A-431 cells

3695

Figure 3. Curcumin leads to mitochondrial membrane depolarization. (A) 25 M curcumin treatment results in m collapse 
in more than half the cancer cells, while the co-administered EGCG adds little to this e  ect. (B) 25 M EGCG alone does not 
alter the m, but the co-administered curcumin shows a dose dependent collapse of the m. The dot plots show in blue 
cells with normal m, as indicated by the predominance of JC-1 aggregates  uorescence and in red cells with collapsed 

m having more JC-1 in monomeric form for the (C) control cells, (D) 25 M EGCG, (E) 25 M curcumin  and co-
treatment with (F) 25 M EGCG and 25 M curcumin. *p<0.05, **p<0.01 by ANOVA with the Dunnett post-test.

with an increase in EGCG concentration of up to 50 M 
(Fig. 3A).

Flow cytometric measurement of cell cycle phase 
after exposure to treatment 

Incubation with 25 M curcumin (9.6 ± 2.5 compared to 
5.8 ± 3.5% in control) nearly doubled the number of A-431 
cells in the S phase of the cell cycle and this level maintained 
in plateau with the addition of up to 100 M EGCG (with 
the sole exception of an even higher increase to 13.7 ± 3.5% 
in the case of 50 M EGCG) (Fig. 4). The percent of cells in 
the G2/M phase also rose moderately (41.1 ± 9.0 compared 
with 31.8 ± 2.7% in control) and these changes were asso-
ciated with lower cell numbers in the G0/G1 phase. EGCG 
treatment does not in  uence the cell cycle progression of 
A-431 cells.

E  ect of the treatment on apoptosis 
To test whether the induced cell death was by means of 

apoptosis, we assessed the Annexin V-APC/ propidium io-
dide staining of EGCG/curcumin co-treated cells (Fig. 5). 
In these experiments, 25 M curcumin alone induced early 
apoptosis in 11.1 ± 1.8 % cells (compared with the 1.1 ± 
0.4% in the control cells, ***p<0.001) and late apoptosis in 
23.2 ± 2.5 % (compared with the 0.8 ± 0.6% in the control 
cells, ***p<0.001). Addition of up to 100 M EGCG did not 
signi  cantly change the apoptosis inducement pro  le of 25 

M curcumin alone. However, when cells were treated with 

a  xed 25 M EGCG concentration plus varying amounts of 
curcumin, a dose-dependent response was obtained for both 
early and late apoptosis inducement.

The main results of this study are related to biphasic ef-
fect of EGCG and curcumin, the lack of toxicity or reduced 
toxicity in non-transformed cells and the ability of EGCG to 
scavenge ROS after their induction by curcumin. The anti-
proliferative e  ect of EGCG-curcumin or curcumin-EGCG 
was associated with mitochondrial membrane collapse and 
apoptosis. Nevertheless, CCD-1070Sk non-transformed 
 broblasts are not sensitive to concentration of EGCG or 

curcumin used in this study, with only one exception in case 
of the highest dose of combined treatment, respectively 100 

M curcumin and 25 M EGCG.
Interestingly, the biphasic e  ect of EGCG and curcumin 

was identi  ed in both transformed and non-transformed 
cell lines. Lower concentrations of EGCG and curcumin 
increased cell proliferation, while higher concentrations in-
duced cytotoxic e  ects. These data are in line with previ-
ous reported results, since EGCG and curcumin have been 
shown to display both anti-oxidative e  ect due the phenol 
rings (TIPOE et al. [15], ABRAHAMS et al. [1]), and pro-
oxidative function through increased production of ROS 
(LI et al. [11], KOCYIGIT et al. [9]). For instance, the anti-
oxidant e  ect of EGCG has further applications in cardio-
vascular protection, where catechin demonstrated the ability 
to decrease lipid peroxidation or to scavenge free radicals 
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Figure 5. Curcumin induces tumor cell death by apoptosis. (A) 25 M curcumin led to apoptosis as shown by the Annexin 
V-APC binding to one third of the cells. Adding EGCG to this concentration did not signi  cantly change the viability or 
percent late (UR) versus early (LR) apoptotic cells. (B) Also, 25 M EGCG by itself does not in  uence apoptosis induction 
but the addition of curcumin induces apoptosis in a dose-dependent manner for concentration larger than 10 M curcumin, 
with 100 M curcumin killing almost all cells through apoptosis. The dot plots show Annexin V-APC and Propidium Iodide 
binding in (C) control cells, (D) 25 M EGCG, (E) 25 M curcumin and (F) co-treatment with 25 M EGCG and 25 M 
curcumin. At the tested time of 72 h most apoptotic cells were late apoptotic cells. *p<0.05, **p<0.01, ***p<0.001 by 
ANOVA with the Dunnett post-test.

Figure 4. Curcumin alters the cell cycle progression. (A, B) 25 M curcumin reduces the number of cells found in the G0/
G1 phase of the cell cycle with a concomitant doubling of the cell numbers in the S phase and a slight increase in the number 
of cells in the G2/M phase. Increasing EGCG concentrations of up to 100 M do not seem to alter the cell cycle progression. 
Also shown are representative histograms showing gated cells in each cell cycle phase for (C) control cells, (D) 25 M 
EGCG treated cells, (E) 25 M curcumin treated cells and (F) co-treatment with 25 M EGCG and 25 M curcumin. Gates 
were automatically set in Flowing Software 2.5.1 using the built in deconvolution for cell cycle analysis function.
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(TIPOE et al. [15]). At the same time, the anti-oxidant activ-
ity of curcumin was investigated in relationship of its ability 
to protect nervous system (ABRAHAMS et al. [1]). On the 
other hand, the pro-oxidative activity of both natural com-
pounds, EGCG and curcumin, was frequently associated 
with inhibition of highly proliferative cancer cells (LI et al. 
[11], KOCYIGIT et al. [9]). 

Combined treatment of curcumin and EGCG resulted in 
induction of cell death, demonstrated by spectrophotometric 
and  ow cytometric measurements, collapse of mitochon-
drial membrane potential, cell cycle arrest and apoptosis 
in A-431 epidermoid carcinoma cells. Nevertheless, most 
of the e  ects have been due to curcumin administration 
and to a lower extent due to EGCG. Curcumin is known to 
have anti-cancer e  ects such as autophagy, apoptosis and 
cell cycle arrest (ZHU et al. [17]), increased expression of 
death receptor 5 (JUNG et al. [7]), and altered expression of 
a large number of kinases, enzymes and anti-apoptotic pro-
teins such as Bcl-2 (SHANMUGAM et al. [14]).

Moreover, curcumin is a potent inducer of ROS produc-
tion in cancer cells is known from studies that use a  xed 
curcumin concentration and follow the kinetics of ROS 
production (KHAN et al. [8]). Interestingly, our results in-
dicated a reduction in ROS induced by curcumin after com-
bined treatment with EGCG. This might be seen as a caution 
when discussing pro-oxidative e  ect, in case of combined 
administration of higher doses of curcumin and low doses of 
EGCG. Nevertheless, this e  ect might represent an asset in 
case of EGCG, since this compound might display protec-
tive e  ect in normal cells after exposure to cancer therapy, 
such as ionizing radiation (ZHU et al. [16]).

Conclusions 
In conclusion, our experiments showing the e  ect of 

EGCG and curcumin co-treatments, indicate both anti- and 
pro-oxdative e  ects, the later ones demonstrating induction 
of cell death, cell cycle arrest and m collapse in A-431 
epidermoid cancer cells. These treatment combinations in-
duced a greater drop in viability/proliferation of the cancer 
cells compared to normal skin  broblasts. However, caution 
should be taken in case of utilizing higher concentrations 
of curcumin as pro-oxidative agent in combination with 
EGCG, since the later one might be responsible for ROS 
scavenging.
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