
Abstract. Background/Aim: Curcumin has been recognized
as a metal-binding compound and an anticancer agent, yet
the involvement of metals in the anticancer action of
curcumin remains unclear. The present study examined the
role of transient metals in curcumin-induced cytotoxicity in
cancer cells. Materials and Methods: Metal-binding activity
and cytotoxicity of curcumin were examined in human cancer
lines with cell viability assay, confocal microcopy, Western
blot, and measurement of hydrogen peroxide generation.
Results: It was found that Cu (II) most significantly
potentiated the cytotoxicity of curcumin among the metals
tested. The combination of curcumin and Cu (II) did not
generate reactive oxygen species and vitamin E did not block
the cytotoxicity. Curcumin plus Cu (II) enhanced
intracellular copper levels and potentiated curcumin-induced
suppression of the nuclear factor kappa B (NF-κB) pathway,
as well as alterations of mammalian target of rapamycin-
raptor (mTOR) signaling. Conclusion: Transient metals
enhance the cytotoxicity of curcumin, likely through targeting
of the NF-κB and mTOR signaling pathways. 

A number of metal-binding compounds have been
considered as potential anticancer agents, and some of them
are currently being tested in clinical trials (1-3). These
metal-binding compounds exert their cytotoxicity on cancer
cells through several cellular mechanisms (4). Traditionally,
metal binding compounds act as chelators that remove
cellular metals which are essential for cell survival, thereby
leading to apoptotic cell death (5, 6). Another group of
metal binding compounds that are toxic to cancer cells by
acting as metal ionophores has recently been identified (4).

It is apparent that metal-binding compounds can also act as
“shuttles” that form complexes with metals which are
cytotoxic to cancer cells (4). 

Curcumin is an active ingredient found in the spice
turmeric (Curcuma longa Linn.). Its anticancer properties
have been recognized in experimental model systems, and it
is currently being tested in a number of clinical trials (7).
While curcumin has been shown to act as an antioxidant
(8), an inhibitor of nuclear factor kappa B (NF-κB) (9, 10),
and a modulator of the mammalian target of rapamycin-
raptor (mTOR) signaling pathway (11), the mechanisms of
its anticancer action remain to be further elucidated.
Importantly, curcumin has been demonstrated to be an iron
chelator (12) and can form a complex with copper in test
tubes (13). These studies clearly indicate that curcumin is a
metal-binding compound. However, the involvement of the
metal-binding activity of curcumin in its anticancer action
has been less investigated. As metals have been shown to
be involved in carcinogenesis, and are essential for the cells
to survive, their contributions to the anticancer action of
curcumin is an interesting matter for investigation. 

This study reports that transient metals, especially Cu (II),
enhance the cytotoxicity of curcumin, likely through NF-κB
and mTOR-mediated signaling pathways. Based on the
criteria used to categorize metal-binding compounds, the
results suggest that curcumin acts as a metal ionophore (4).
These findings offer a new insight into the behavior and
mechanism of the anticancer action of curcumin. 

Materials and Methods

Materials. 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) reagent was obtained from
Promega (Madison, WI, USA); 4EBP1 and p-4EBP1 antibodies from
Cell Signaling Tech. (Danvers, MA, USA); p70S6 kinase and p-
p70S6 kinase antibodies from Santa Cruz Biotech., Inc. (Santa Cruz,
CA, USA); GAPDH antibody from ProMab Biotech (Richmond, CA,
USA). Curcumin (Diferuloylmethane), CuCl2, FeCl3, ZnCl2, and all
other chemicals and reagents were analytic grade and purchased from
Sigma Chemical Co. (St. Louis, MO, USA).
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Cell lines and cell viability assay. The ovarian cancer line, A2780,
was provided by Dr. Stephen Howell (University of California, San
Diego, CA, USA). The human breast cancer cell line, MCF-7 was
purchased from American Type Tissue Culture (ATCC, Manassas,
VA, USA). Cells were cultivated in RPMI-1640 (MCF-7, A2780)
supplemented with 10% fetal bovine serum, 100 U/ml penicillin,
and 100 μg/ml streptomycin. Cells were grown in a humidified
environment of 5% CO2 at 37˚C, and propagated twice a week. For
the cell viability assay, cells were seeded at 3,000-5,000 cells per
well in a 96-well plate and exposed to various drugs or
combinations of drugs for 72 hours. The cell viability was then
assessed using an MTS reagent as described previously (14).
Briefly, 20 μl of MTS reagent was added to each well and incubated
at 37˚C for one hour before the absorbance of each well was
recorded at 490 nm. Data are expressed as a percentage of the
values obtained from the untreated control cells.

Western blot analysis. Western blot was performed as previously
described (15). Briefly, A2780 cells were seeded at 1.8x106 cells/dish,
grown in 100-mm dishes and treated with curcumin and copper at
indicated concentrations and times. Cells were then lysed in a buffer
containing 50 mM Tris HCl (pH 7.8), 100 mM NaCl, 5 mM Na-EDTA,
0.1% SDS, 1 mM PMSF, 1% Triton-X-100, and 2.5% glycerol. The
cell lysates were sonicated for 1 min and incubated at 4˚C for one hour
before being subjected to centrifugation at 13.000 rpm for 15 minutes.
The supernatants were collected and the protein concentration was
determined. Protein (40 μg) from each sample was loaded into each
well of a 10% SDS-PAGE gel and transferred onto a polyvinylidene
fluoride membrane (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). The membrane was blocked with 5% milk diluted in a mixture
of Tris buffered saline (TBS) and 0.1% Tween-20, pH adjusted to 7.4
(TBST) overnight at 4˚C and incubated with the appropriate primary
and secondary antibodies the following morning. Chemiluminescence
(GE Healthcare) was used to detect the signal.

Hydrogen peroxide assay. Hydrogen peroxide concentrations were
measured using a colorimetric assay (BioVision, Mountain View,
CA, USA). Briefly, CuCl2 and curcumin were mixed in PBS
(phosphate buffered saline) at indicated concentrations (pH 7.4) at
room temperature. The reaction mixtures (30 μl) were immediately
added into each well of a 96-well plate; 20 μl of assay buffer were
added to each well. Standards were generated by adding H2O2 in
place of the reaction mixture at concentrations of 0, 1, 2, 3, 4, 5
nmol/well. Fifty μl of a reaction mixture, containing OxiRed™
Probe and horseradish peroxidase, were then added and incubated
for 10 min at room temperature. The optical density of the solution
was measured at 570 nm. 

Intracellular copper detection. Intracellular copper levels were
monitored with a fluorescent tracer, Phen Green FL probe, following
the manufacturer’s protocol (excitation 490/20 nm and emission
528/38 nm, Invitrogen, Carlsbad, CA, USA). Following entrance into
the cells, Phen Green FL fluoresces if it is not bound by copper.
Copper binding quenches the fluorescence of the probe. Cells were
treated with CuCl2 alone or in combination with curcumin for 1 hour
at indicated concentrations. The medium was then replaced with fresh
medium containing 5 μM Phen Green FL. After 30 min incubation,
the medium was removed and the cells were thoroughly washed with
HBSS (Hanks balanced salt solution) and viewed under the Leica
TCS NT Confocal Microscope using 63× Plan APO 1.2 NA. 

Statistical analysis. The differences among experimental groups were
determined using One-way ANOVA analysis (GraphPad Prism
version 4.00 for Windows; GraphPad Software, San Diego CA, USA).

Results

Curcumin alone inhibited cell viability of A2780 cells in a
concentration-dependent manner (Figure 1A). Cu (II) alone
also inhibited cell viability, while treatments with Zn (II) or
Fe (III) did not cause any significant change (Figure 1B-D).
These same metals were combined with curcumin and the
effects on cell viability were examined. Combination of
curcumin with Cu (II) showed a clear enhancement of
cytotoxicity, whereas a moderate increase in cytotoxicity was
observed when combined with Zn (II) or Fe (III) as
compared to curcumin alone (Table I). The data therefore
show that curcumin combined with copper is more effective
at killing cancer cells. The same combination treatments also
led to enhanced cytotoxicity in a human breast cancer line
MCF-7 (Figure 2). 

Since Cu (II) is redox active and a previous study has
suggested that Cu (II) interacts with synthetic compounds to
generate hydrogen peroxide (16), the combination of copper
and curcumin was tested to investigate if the cytotoxic
mechanism proceeds in a similar manner. Using the 
N-acetylcysteine and Cu (II) combination as a positive
control, it was found that copper and curcumin do not
generate hydrogen peroxide, suggesting that the mechanism
of cell death induced by the curcumin-copper combination
occurs through a different mode of action (Figure 3A).
Furthermore, pre-treatment of the cells with vitamin E did
not attenuate or block the cytotoxicity induced by curcumin
and Cu (II), further indicating that this effect is not mediated
through oxidative stress (Figure 3B). Vitamin E blocked
docosahexaenoic acid-induced cytotoxicity (data not shown),
results similar to a previous report (17). 
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Table I. Transient metals enhance cytotoxicity of curcumin in A2780
cells. Cells were treated with increasing concentrations of curcumin in
the presence or absence of 30 μM of FeCl3, ZnCl2, or CuCl2. Cell
viability was analyzed with the MTS assay and data (mean±SE, n=3)
are expressed as percentages of the MTS level detected in untreated
control cells.

Curcumin (μM) No metals + FeCl3 + ZnCl2 +CuCl2

0 100 81±4 86±6 74±1
1 91±3 79±7 89±4 76±2
3 89±4 71±6 87±6 62±7
5 83±6 62±12 64±13 56±5

10 68±1 51±7 61±8 28±3
30 41±6 14±1 32±3 6±3

100 16±4 - - -



To understand why Cu (II) enhances the cytotoxicity of
curcumin, the copper intake in the cells was tracked using a
fluorescent tracer, the Phen Green FL probe, a copper ion
indicator tagged with green fluorescence. Cu (II) intake was
observed in live cells under confocal microscopy. Treatment
with curcumin alone showed no significant effect on the
intracellular free copper level, and CuCl2 alone showed a slight
reduction of the fluorescence (Figure 4); however, the
combination of these two compounds showed a significant
quenching in the fluorescence intensity, indicating that curcumin
brings copper into the cells and thus acts as a copper ionophore. 

Previous studies showed that curcumin targets the NF-κB
pathway to attenuate cell viability (18). It has also recently
been reported that metal ionophores attenuate NF-κB activity

in cancer cells (15). Based on these previous observations,
the activity of NF-κB when the cells were treated with the
Cu (II)-curcumin combination was tested. Clioquinol plus
zinc, which is known to down-regulate NF-κB signaling
(15), served as a control. 

The reporter gene assay indicated that the Cu (II)-
curcumin combination significantly inhibits the NF-κB
signaling pathway compared to either compound used alone
(Figure 5A); these results support the involvement of this
pathway for the potentiated cytotoxicity. This was confirmed
by Western blot analysis of the phosphorylation of IkBα, the
well-established NF-κB inhibitory protein. An up-regulation
of IkBα phosphorylation in cells treated with the Cu (II)-
curcumin combination, but not the control or single-agent
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Figure 1. Effects of curcumin and transient metals on the viability of A2780 cells. Cells were treated with various concentrations of curcumin (A),
CuCl2 (B), ZnCl2 (C), or FeCl3 (D) for 72 hours. Cell viability was determined with the MTS assay. Data (mean±SE, n=3) are presented as
percentages of the MTS level detected in untreated control cells. 



treatments, further indicates the inhibition of NF-κB
signaling in this model system (Figure 5B). 

Another recently identified cellular target of curcumin is
the mTOR signaling pathway (11). In the current study, it
was found that the combination of curcumin and Cu (II)
enhances expression of both total and phospho-p70-S6
kinase in A2780 cells, indicating disruptions of the mTOR
signaling pathway (Figure 6). Curcumin alone down-
regulates expression of phospho-4EBP1 (data not shown),
another component of mTOR signaling; an observation
consistent with a previous report (11).

The results shown in Figures 5 and 6 thus suggest that
copper plays an important role in the action of curcumin on
both NF-κB and mTOR signaling pathways in cancer cells,
which most likely explains the enhanced cytotoxicity by the
combination. 

Discussion

While curcumin has been well-recognized as a metal-binding
compound and extensively studied in experimental cancer
therapeutic model systems, the involvement of metals in the
anticancer of curcumin action has been less investigated. The
present study demonstrated that Cu (II) significantly
potentiates the cytotoxicity of curcumin in cancer cells,

likely through targeting the NF-κB and mTOR signaling
pathways. These experimental results provide novel insight
into the anticancer activity of curcumin.

Cu (II) is known as a redox reactive agent. The fact that
Cu (II) enhances the cytotoxicity of curcumin more
effectively when compared to Fe (III) and Zn (II), led us to
the prediction that the enhanced cytotoxicity could be a
result of augmented oxidative pressure. Indeed, previous
studies have shown that Cu (II) could interact with synthetic
compounds generating reactive oxygen species (16) (our
unpublished data). However, the combination of curcumin
and Cu (II) does not lead to hydrogen peroxide generation in
test tubes, indicating that copper enhances cytotoxicity of
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Figure 2. Effects of the combination of curcumin and copper on the viability
of MCF-7 cells. MCF-7 cells were treated with various concentrations of
curcumin in the presence or absence of 10 μM CuCl2 for 72 hours. Cell
viability was determined with the MTS assay. Data (mean±SE, n=3) are
presented as percentages of the MTS level detected in untreated control
cells. *p<0.05, compared with curcumin-treated cells in the absence of
CuCl2, using one-way ANOVA followed by Dunnett’s analysis.

Figure 3. The cytotoxicity of curcumin plus CuCl2 is not mediated through
oxidative stress. A: 10 μM curcumin was mixed with 10 μM CuCl2 and
the amount of hydrogen peroxide generated was measured after 30
minutes. 1 mM N-acetylcysteine plus 10 μM CuCl2 was used as a positive
control. Data are expressed as nmol of hydrogen peroxide generated in
the reaction mixture (means±SD, n=3). B: A2780 cells were pretreated
with 50 μM vitamin E for 20 min prior to addition of curcumin plus
CuCl2 for 72 hours at indicated concentrations. Cell viability was
determined with the MTS assay. Data (mean±SE, n=2) are presented as
percentages of the MTS level detected in untreated control cells.



curcumin through other mechanisms of action. This is
consistent with a previous study suggesting that a synthetic
complex of curcumin and Cu (II) acts as an antioxidant (19).
The failure of vitamin E in blocking the cytotoxicity of
curcumin and Cu (II) further supports the idea that oxidative
stress is not involved in this event. 

The metal-binding property of curcumin has been
previously recognized. It is reported that curcumin acts as an
iron chelator that has higher affinity for Fe (II) versus Fe (III)
(12). Barik et al. described the formation of a curcumin and
Cu (II) complex that possesses superoxide dismutase activity
(19). A recent study reported that curcumin binds to copper
(II) with a Kd in the low micromolar range (13). The current
experiment with the intracellular free copper tracer indicates
that curcumin brings copper into the cells and releases it
thereafter, resulting in an elevated intracellular free copper

level. The dissociation of copper ions from curcumin in the
cells supports the previous finding that the binding affinity of
curcumin for copper is relatively moderate (13). This
assertion is supported by the observation that addition of
copper enhances the cytotoxicity of curcumin rather than
attenuating it, a phenomenon fitting into a recently
established biological definition of metal ionophores (4). 

The NF-κB and mTOR signaling pathways are
established cellular targets for cancer therapy (20, 21).
Curcumin has been previously found to target both
pathways (10, 11), which are believed to be associated with
the anticancer activity of curcumin (18). In order to
understand further how Cu (II) enhances the cytotoxicity of
curcumin, whether Cu (II) acts in concert with curcumin to
regulate the NF-κB and mTOR signaling pathways was
investigated. Addition of Cu (II) potentiated the action of
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Figure 4. Curcumin is a copper ionophore. A2780 cells were treated
with 10 μM CuCl2 alone or in combination with 10 μM curcumin for
60 min. Intracellular free copper level was assayed with the Phen Green
FL probe as described in the Materials and Methods section. The cells
were viewed on the Leica TCS NT Confocal Microscope using 63× Plan
APO 1.2 NA (excitation 490/20 nm and emission 528/38 nm). Images
are representatives of two experiments. The fluorescence intensity was
quantified using the Leica TCS SP2 confocal microscope and LCS Lite
imaging software. *p<0.05, **p<0.01 using one-way ANOVA followed
by Dunnett’s analysis.



curcumin on both pathways, strongly suggesting that Cu (II)
potentiates this anticancer action through the targeting of
NF-κB and mTOR signaling. It has been previously
demonstrated that an increase in intracellular copper level
leads to an inhibition of proteasomes (22), which in turn
could result in the accumulation of IκBα proteins and
inhibition of NF-κB signaling (21). This may explain why
the combination of copper and curcumin down-regulates
NF-κB signaling more than either one used alone, because
curcumin acts as a Cu (II) ionophore, elevating the
intracellular Cu (II) level. However, the involvement of
copper in modifying mTOR signaling has not been
previously described. In this study it was found that Cu (II)
enhances the action of curcumin on mTOR signaling, thus
providing novel information on the regulation of mTOR

signaling by copper in human cancer cells. It remains to be
investigated whether the enhancement of curcumin-induced
alterations of mTOR signaling by copper is regulated
through proteasome inhibition.

It is well documented that copper levels in the plasma of
cancer patients and in tumor tissues is significantly higher
than those in healthy individuals and normal tissues (23).
This provides an opportunity to selectively target tumor cells
by copper chelation (5) or copper ionophoring (4, 22). The
findings from the present study indicate that curcumin is one
of the compounds that may be used to achieve this goal.
Because curcumin is currently undergoing clinical trials for
the treatment of various tumors, this new understanding of
the anticancer activity of curcumin could facilitate further
development of this compound as an anticancer agent. 
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Figure 5. Effects of curcumin plus CuCl2 on NF-κB activity in A2780 cells. A: Cells were co-transfected with NF-κB Luc and PRL-TK Renilla
reporter constructs and treated with 10 μM curcumin alone or in combination with 10 μM CuCl2 for 1 hour. Cell lysates were analyzed using the
dual luciferase assay kit. The data (mean±SE, n=2-3) are presented as relative luciferase levels. *p<0.05, compared with control cells using one-
way ANOVA followed by Dunnett’s analysis. B: Total protein was extracted from A2780 cells that had been treated with 20 μM curcumin alone or
in combination with 20 μM CuCl2 for the indicated times. The proteins were separated on an SDS PAGE gel, transferred, and immunoblotted against
specific antibodies for IkBα and GAPDH. Representative images of two experiments are shown. 

Figure 6. Effects of curcumin plus CuCl2 on mTOR signaling. Total protein was extracted from A2780 cells that had been treated with 20 μM
curcumin alone or in combination with 20 μM CuCl2 for the indicated times. The proteins were separated on an SDS PAGE gel, transferred, and
immunoblotted against specific antibodies for p-p70-S6, p70-S6, and GAPDH. Representative images of two experiments are shown. 
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