
Abstract : Curcumin, a natural, biologically active compound extracted from rhizomes of
Curcuma species, has been shown to possess the potent properties for regulation of cell
proliferation. Although intracellular calcium status is very closely linked with various cellular
functions, the action mechanism of curcumin on intracellular calcium signalling remains poorly
understood. This study was investigated the effect of curcumin on intracellular calcium
concentration ([Ca2+]i) using a calcium indicator dye Fura-2 in PC12 cells. Curcumin induced a
marked depletion of [Ca2+]i in PC12 cells bathed with both Ca2+-containing and Ca2+-free bath
solution. To clarify the effects of curcumin on the levels of plasma membrane, extracellular Na+-
free solution and vanadate were applicated on the cells but these did not affect the curcumin
effect. Both thapsigargin, a specific inhibitor of sarco/endoplasmic reticulum Ca2+-ATPase, and
carbonyl cyanide 3-chlorophenylhydrazone, a mitochondrial uncoupler, also did not change the
effect of curcumin on [Ca2+]i. However, ruthenium red, an inhibitor of mitochondrial uniporter,
blocked the curcumin-induced [Ca2+]i depletion in dose-dependent manner with ED50 of 2.7 ±
0.14 μM. Present study demonstrates that curcumin induces the intracellular calcium uptake into
mitochondria via a uniporter pathway and may involve in the modulation of cellular function and
proliferation.
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Introduction

Curcumin is the major constituent of

turmeric powder extracted from the rhizomes

of the plant Curcuma longa found in south and

southeast tropical Asia. It has been known to

possess a wide range of pharmacological

properties including anti-inflammatory,

hypocholesterolemic and anti-thrombotic

activities [1,2]. Several studies in recent

years have also shown that curcumin is a

potent inhibitor of tumor initiation in vivo
[3,4] and possesses anti-proliferative

activities against tumor cells in vitro [5,6].

Curcumin is also one of the potent

chemopreventive agents inhibiting tumor

promotion against skin, oral, intestinal and

colon carcinogenesis [7,8]. It induces several

characteristics of apoptosis such as cell

shrinkage, chromatin condensation, and DNA

fragmentation in various types of cells [9,10]. 

Changes in intracellular Ca2+ concentration

([Ca2+]i) stimulate a number of intracellular

events and can also trigger a cell death

process [11,12]. Calcium has also been

implicated in the program of cell death known

as apoptosis [13]. Therefore it can be

postulated that curcumin would modulate the

[Ca2+]i. The limited studies about the

relationship between intracellular calcium and

curcumin have been reported. Curcumin

possibly inhibited Ca2+ influx in platelets, as

demonstrated by inhibition of platelet

aggregation induced by calcium ionophore [1].

In the sarcoplasmic reticulum fraction study

of skeletal muscle, curcumin inhibited the

Ca2+-ATPase of sarcoplasmic reticulum but

increased the rate of accumulation of Ca2+ into

sarcoplasmic reticulum [14]. However,

curcumin-induced [Ca2+]i changes have not

been directly shown in the intact cells.

In order to understand the mechanisms of

action of curcumin on modulation in [Ca2+]i,

this study was carried out in a rat

pheochromocytoma cell line, PC12 cells. The

data presented here demonstrate the

pharmacodynamics of curcumin inducing the

depletion of [Ca2+]i and the effect of curcumin

could be blocked by ruthenium red, a potent

mitochondrial uniporter inhibitor, in dose-

dependent manner in PC12 cells.

Materials & Methods

Cell isolation and culture

Rat pheochromocytoma (PC12) cell line

was obtained from the American Type Culture

Collection (Rockville, MD). The PC12 cells

were grown in Dulbeco's modified Eagle

medium, supplemented with 2 mM glutamine,

10% heat-inactivated fetal bovine serum, 20

mM HEPES buffer and 1% penicill in/

streptomycin. Cells were plated on poly-D-

lysin-coated glass coverslip (25 mm in

diameter) at a density of 2 x 105 cells for

measurement of [Ca2+]i. Cells were incubated

in a humidified atmosphere (5% CO2, 95% air)

at 37℃ and medium changed 3 times per

week.

Materials and solutions 

Dulbeco's modified Eagle medium and

other supplements were obtained from

GibcoBRL (Grand Island, NY). Curcumin and

poly-D-lysin (Sigma, St. Louis, MO)

dissolved in ethanol and deionized distilled

water as a stock solution (100 mM and 5
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mg/ml, respectively) and then used at the

final concentration in the testing solution.

Fura-2 acetoxymethyl ester (Fura-2/AM)

was obtained from Molecular Probes (Eugene,

OR) and dissolved in dimethyl sulfoxide.

Ruthenium red was dissolved in deionized

distilled water, and thapsigargin and carbonyl

cyanide 3-chlorophenylhydrazone (CCCP)

were dissolved in dimethyl sulfoxide. All

other laboratory chemicals were purchased

from Sigma Chemical Co. 

Physiological saline solution (PSS) for

measurement of [Ca2+]i contained (in mM):

NaCl (126), KCl (5), CaCl2 (1), MgCl2 (1.2)

HEPES (10), D-glucose (10). The solution

was titrated to pH 7.4 with HCl and osmorality

was 290 mOsm. When Ca2+-free solution was

used, Ca2+ was omitted and 2 mM EGTA was

added. To block the plasma membrane Na+-

Ca2+ exchange, external Na+ was replaced by

N-methyl-D-glucamine.

Measurement of intracellular calcium

concentration  

Microfluorescent imaging of [Ca2+]i was

performed on PC12 cells loaded with the

calcium indicator dye Fura-2/AM. Some of

the procedures used in calcium imaging in this

experiment have been described [15,16].

Fura-2/AM (3 μM) was added to PC12 cells

bathed in PSS at room temperature for 30 min

followed by a 30-min wash in dye-free PSS

to allow esterase conversion to free Fura-2.

Coverslips were placed on the stage of an

inverted microscope and imaging was

performed with an InCa dual-wavelength

system (Intracellular Imaging, Cincinnati,

OH). [Ca2+]i was calculated as the relationship

between the ratio of emissions at 510 nm

from excitation at 340 and 380 nm. Ratio

images were processed every 5 s and

converted to [Ca2+]i as compared to a range of

such ratios obtained by measurement of

Fura-2 in the presence of known

concentration of calcium (Calcium Calibration

Buffer Kit, Molecular Probe). Each

experimental data point represents the mean

value of [Ca2+]i calculated from at least 12

individually measured PC12 cells from three

separate cultures. All imaging experiments

were done at room temperature (20-22℃).

The results in the figure and text are given as

mean ± SEM. 

Results

Effects of curcumin on [Ca2+] i in the

presence and absence of extracellular

calcium in PC12 cells

To verify whether curcumin may change

the intracellular calcium status, [Ca2+]i were

measured after application of various range in

concentrations of curcumin. It induced a

marked depletion in [Ca2+]i over the

concentration  range of 1 μM curcumin in

PC12 cells perfused with Ca2+-contained

standard PSS (Fig. 1A). To examine the

dose-dependent relationship of curcumin-

induced [Ca2+]i depletion, curcumin was

treated sequentially with increasing

concentration in PSS from 0.1 μM to 50 μM.

The curcumin effect showed a maximal

response at 10 μM of the concentrations (Fig.

1B). In Fig 1B, the ED50 of the curcumin-

induced [Ca2+]i depletion calculated from 51

cells was 3.9 ± 0.56 μM. This experiment
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was further examined to explore the effect of

curcumin in Ca2+-free solution. Curcumin (10

μM) also completely abolished the [Ca2+]i in

PC12 cells loaded with 0 mM Ca2+ and 2 mM

EGTA-containing solution (Fig. 1C). Ca2+-

free experiment did not show any difference

in curcumin-induced calcium response

depend on the extracellular Ca2+ influx in

PC12 cells.

Effects of inhibition of plasma membrane

Na+-Ca2+ exchanger and Ca2+-ATPase on

the curcumin-induced [Ca2+]i depletion in

PC12 cells 

To rule out [Ca2+]i lowering pathways on

plasma membrane in PC12 cells, this

experiment was tried to block the Na+-Ca2+

exchanger by replacement of external Na+

with N-methyl-D-glucamine or inhibit Ca2+-

ATPase by vanadate. Curcumin could still

lower [Ca2+]i at 10 μM and completely

vanished it at 30 μM in the extracellular free-

Na+ solution (Fig. 2A). Sodium orthovanadate

(1 mM), an inhibitor of plasma membrane

Ca2+-ATPase, failed to eliminate the

curcumin-induced depletion of [Ca2+]i under

standard PSS (Fig. 2B). These results

suggest that curcumin-induced [Ca2+]i

depletion was not due to an activation of Ca2+

efflux via both plasma membrane Ca2+-
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(A)

Fig. 1. Effect of curcumin on [Ca2+]i in PC12 cells
bathed with Ca2+-containing or Ca2+ free
solution. (A) Curcumin induced dose-
dependent [Ca2+]i depletion under 1.8 mM
Ca2+-containing standard physiological
saline solution (PSS). (B) Curcumin
decreased [Ca2+]i in Ca2+-containing PSS in a
dose-dependent manner. ED50 was 3.9 ±
0.56 μM (n=51). Relative dose responses
were compared with changes (%) to control
values before curcumin treatment. (C)
Curcumin (10 μM)-induced [Ca2+]i depletion
in PC12 cells loaded with Ca2+-free
(containing 2 mM EGTA) solution. The
absence of extracellular Ca2+ did not affect
the [Ca2+]i depletion induced by curcumin.
Data are mean ± SEM of measurements
made in 17 PC12 cells (A and C) and in
three independent experiments (B),
respectively. 

(C)

(B)



ATPase and Na+-Ca2+ exchanger. 

Effects of intracellular calcium uptake

inhibitors on curcumin-induced [Ca2+]i
depletion in PC12 cells   

This study was also tried to examine the

role of endoplasmic reticulum and

mitochondria as important intracellular

calcium restoring organelles on curcumin-

induced [Ca2+]i depletion in PC12 cells. Upon

exposure to 2 μM thapsigargin, a specific

inhibitor of sarco/endoplasmic reticulum

Ca2+-ATPase (SERCA), in standard PSS,

[Ca2+]i was typically increased and then

slowly decreased to a higher level of baseline.

At this point the addition of 10 μM curcumin

induced a complete depletion in [Ca2+]i (Fig.

3A). Under 10 μM CCCP, an inhibitor of the

rapid mode of mitochondrial Ca2+ uptake [17]

as well as the mitochondrial uncoupler [18],

curcumin also induced the complete [Ca2+]i

depletion in the same extent (Fig. 3B). This

means both SERCA and rapid mode of

mitochondrial Ca2+ uptake seem not to

participate in curcumin-induced decreasing

[Ca2+]i. However, the addition of ruthenium

red (10 μM), a mitochondrial uniporter

inhibitor, blocked the [Ca2+]i depletion induced

by 10 μM curcumin, and it could only

attenuate the response of 50 μM curcumin in

PC12 cells (Fig. 3C). This finding suggests

that the mitochondrial uniporter, another

mitochondrial Ca2+ uptake pathway, should be

involved in a major contributory mechanism of

curcumin-induced [Ca2+]i depletion. 

Ruthenium red attenuates the curcumin-

induced [Ca2+]i depletion in PC12 cells

This experiment was further extended to

examine the effect of ruthenium red on the

curcumin-induced [Ca2+]i responses after

application of ionomycin, an Ca2+ ionophore,

for magnifying action of ruthenium red.

Application of 10 μM ionomycin induced a

large and sustained increase in [Ca2+]i and

reached at a plateau level in standard PSS. At

the plateau state, co-application of 10 μM

curcumin with ionomycin induced a complete
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Fig. 2. Effects of inhibitors of plasma membrane
Na+-Ca2+ exchanger and Ca2+-ATPase on
curcumin-induced [Ca2+]i depletion in Ca2+-
containing PSS. (A) Blockade of plasma
membrane Na+-Ca2+ exchanger (replacing of
external Na+ with N-methyl-D-glucamine)
had no effect on curcumin-induced [Ca2+]i

depletion. (B) Inhibitor of plasma membrane
Ca2+-ATPase, 1 mM vanadate, did not affect
curcumin-induced [Ca2+]i depletion. Data are
mean ± SEM of measurements made in 20-
30 PC12 cells. 

(B)

(A)



[Ca2+]i depletion within 5 min (Fig. 4A). To

verify the dose-response relationship of

ruthenium red on the attenuation of

curcumin-induced [Ca2+]i depletion, the

various concentrations of ruthenium red were

added into bath solution with ionomycin

before application curcumin, as in Fig 4B.

Ruthenium red apparently attenuated the

[Ca2+]i depletion induced by 10 μM curcumin

in dose-dependent manner (Fig. 4B).

Curcumin induced a complete [Ca2+]i depletion

under ruthenium red-free solution, but this

[Ca2+]i depletion was gradually minimized by

the increment of ruthenium red con-

centrations. The attenuating effect of

ruthenium red on curcumin-induced [Ca2+]i

depletion showed a maximal response at 30 μ

M ruthenium red (Fig. 4C). The ED50 of

ruthenium red effect calculated from 37 cells

was 2.7 ± 0.14 μM. These findings apparently

suggest that curcumin depletes [Ca2+]i

through the mitochondrial Ca2+ uptake

pathway, and the [Ca2+]i depletion is blocked

by ruthenium red, a potent inhibitor of

mitochondrial uniporter, in PC12 cells. 

Ruthenium red and curcumin per se did not

affect the basal Ca2+ concentration and

ruthenium red returns the curcumin-

induced [Ca2+]i depletion to baseline level

The solution of ruthenium red and

curcumin have specific red and yellow colors,

respectively. It should be tested to rule out

whether an addition of these colored solution

may affect the light ratios emitted from the

free Fura-2 pentapotassium containing bath

solution. Like as our expectation, curcumin

and/or ruthenium red did not change the
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Fig. 3. Effects of intracellular calcium uptake
inhibitors on curcumin-induced [Ca2+]i

depletion in Ca2+-containing PSS. An
addition of 10 μM curcumin induced a
complete depletion in [Ca2+]i under 2 μM
thapsigargin, a SERCA inhibitor (A) or 10 μM
CCCP, an inhibitor of rapid mode of
mitochondrial Ca2+ uptake as well as
mitochondrial uncoupler (B). (C) An
application of ruthenium red (10 μM), a
mitochondrial uniporter inhibitor, blocked
the [Ca2+]i depletion induced by 10 μM
curcumin and attenuated the response after
addition of 50 μM curcumin. Data are mean
± SEM of measurements made in 20-30
PC12 cells. 

(A)

(B)

(C)



baseline Ca2+ concentration elicited by

standard 100 nM Ca2+ bath solution (Fig. 5A).

These findings revealed that two compounds

per se did not induce any interference in the

change of Ca2+ response and the curcumin

and/or ruthenium red-induced Ca2+ results

are not artifact. Finally this experiment also

tried to reconfirm the effect of ruthenium red

on previously depleted calcium level induced

by curcumin. Ruthenium red also slowly

returned the curcumin-induced [Ca2+]i

depletion to the baseline Ca2+ level (Fig. 5B).

Discussion

In this study, curcumin decreases [Ca2+]i in

a dose-dependent manner and induces the

complete depletion of [Ca2+]i in PC12 cells

over the  concentration of 10 μM. Extrusion,

uptake and/or buffering of Ca2+ should be able

to account for this depletion of [Ca2+]i [18].

The experiment was tried to explore the

several different mechanisms: (a) inhibition of

Ca2+ influx; (b) activation of Ca2+ extrusion

via Na+-Ca2+ exchanger on plasma membrane;

(c) activation of Ca2+ extrusion via plasma

membrane Ca2+-ATPase; (d) activation of

Ca2+ uptake mechanism into endoplasmic

reticulum via SERCA; (e) activation of Ca2+

uptake into mitochondria [18].
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(A)

(B) Fig. 4. Ruthenium red negatively modifies the
curcumin-induced [Ca2+]i depletion in PC12
cells bathed with standard PSS. (A)
Representative trace of the increase in [Ca2+]i

induced by 10 μM Ca2+ ionophore iono-
mycin. Curcumin (10 μM) depleted [Ca2+]i in
the presence of 10 μM ionomycin. (B)
Ruthenium red (RR) attenuated the [Ca2+]i

depletion induced by 10 μM curcumin in a
does-dependent manner. Relative dose
responses were compared with changes (%)
to peak values before 10 μM curcumin
treatment in the presence of 10 μM
ionomycin and ruthenium red. (C) Dose-
response relationship of ruthenium red on
attenuation of curcumin-induced [Ca2+]i

depletion. ED50 of ruthenium red effect was
2.7 ± 0.14 μM (n=37). Data are mean ±
SEM of measurements made in 20-30 PC12
cells. 

(C)



Firstly, it was tested to clarify the possible

action mechanisms of curcumin on the level of

plasma membrane.  The Ca2+-free solution, in

the inhibition of Ca2+ influx from extracellular

solution, could not mask the curcumin-

induced depletion effect, therefore the

blocking effect on Ca2+ influx was independent

from the action mechanism of curcumin. It

was also needed to check the curcumin effect

on Ca2+ extrusion to extracellular space.

Under inhibition of Na+-Ca2+ exchanger [19],

the Na+-free solution had no effect. An

inhibitor of plasma membrane Ca2+-ATPase,

vanadate [18], also did not show any changes.

Therefore, it should be valid that curcumin-

induced [Ca2+]i depletion was not due to a

mechanism on the plasma membrane. 

Other possible pathways for curcumin-

induced [Ca2+]i depletion are the

sequestration of Ca2+ into the intracellular

Ca2+ storing organelles, endoplasmic reticulum

and/or mitochondria [18]. Therefore it was

tried to check the possible involvement of

SERCA on the curcumin-induced [Ca2+]i

depletion, but thapsigargin did not block the

curcumin effect. It seems that the curcumin-

induced [Ca2+]i depletion differs with the Ca2+

uptake via activation of SERCA in PC12 cells.

Curcumin has been attracted the attention

of many scientists since it is shown to display

anti-carcinogenesis properties in a wide

variety of cell lines [9,20] and in animals

[7,21]. It has been reported that curcumin has

ability to induce apoptosis of tumor cells

[2,22] and apoptosis of HL-60 [23] and

U937 [6] leukemia cells. Multiple evidences

suggest that mitochondria might be involved in

the induction of apoptosis [24]. 

Mitochondria are also a controller of

intracellular Ca2+ dynamics and transport

through a complex system consisting of two

modes of influx and two of efflux [17,25].

Among them, mitochondrial Ca2+ influx

pathways could be participated in the

curcumin-induced [Ca2+]i depletion. The most

thoroughly studied Ca2+ influx mechanism is

the uniporter, which facilitates the diffusion of

Ca2+ via lowering its electrochemical gradient

and does not couple the transport to that of
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Fig. 5. Curcumin and ruthenium red (RR) does not
change the basal Ca2+ level (A). Fura-2
pentapotassium (15 μg/ml) in 100 nM
standard Ca2+ solution showed a constant
[Ca2+] level which was not affected by an
addition of curcumin and/or RR. RR
recovers the depleted [Ca2+]i level induced
by curcumin (B). The depleted [Ca2+]i level
previously induced by curcumin was slowly
returned to the baseline level according to
co-treatment with RR (50 μM). Data are
mean ± SEM of measurements made in 15-
25 PC12 cells.

(B)

(A)



any other ions of molecule [25]. This pathway

has often been referred to the ruthenium red-

sensitive uptake pathway [26]. In addition to

this uniporter, another mode of Ca2+ influx

into mitochondria has been described recently

as rapid uptake mode. The rapid uptake

pathway permits Ca2+ across the inner

membrane for brief periods within about 20

ms and is inhibited very soon after it is begun

[17,25—27]. This rapid mode is inhibited by

mitochondrial uncoupler, CCCP, which

dissipates the mitochondrial membrane

potential to near zero and collapses Ca2+

uptake into mitochondria driven by the

membrane potential [17,28]. In this

experiment, CCCP had no effect on

attenuating the curcumin-induced [Ca2+]i

depletion in PC12 cells. Therefore it was

further needed to explore the another

activation of mitochondrial uniporter pathway,

whether or not it was participated in the

[Ca2+]i depletion of curcumin. 

Ruthenium red, a hexavalent poly-

saccharide stain, particularly for gly-

coproteins, is a non-competitive inhibitor of

mitochondrial Ca2+ uniporter and abolishes

Ca2+ influx [17,29]. In present study,

ruthenium red (10 μM) blocked the [Ca2+]i

depletion induced by 10 μM curcumin. In

addition to a uniporter inhibitor, ruthenium red

is also an inhibitor of ryanodine-sensitive

Ca2+ release channel from endoplasmic

reticulum, an intracellular Ca2+ store [30]. It

was also tried to verify the inhibitory effect of

ruthenium red on Ca2+ release from

intracellular calcium storing organelles by

using another inhibitor of ryanodine receptor,

dantrolene sodium [31]. In the presence of 10

μM dantrolene sodium, curcumin induced the

complete [Ca2+]i depletion (data not shown),

showing the unique effect of ruthenium red on

curcumin-induced Ca2+ response was only

possible by the inhibitory action on

mitochondrial uniporter system. It represents

apparently that curcumin induces the [Ca2+]i

depletion through the cytosolic Ca2+ uptake

via mitochondrial uniporter. Normally, most of

intracellular Ca2+ resides within the lumen of

the endoplasmic reticulum, with very little in

the mitochondria. If the Ca2+ stored within

endoplasmic reticulum was depleted, the

mitochondria would become overloaded and

there would initiate a programme of events

that leads to cell death called apoptosis [13].

Recently, our colleague observed that

ruthenium red specially inhibited curcumin-

induced apoptosis and markedly prevented the

activation of caspase 3, cytochrome c release

and cell death in the curcumin treated U937

cells [6]. In addition to these cytoprotective

effects, ruthenium red attenuated the

curcumin-induced [Ca2+]i depletion in renal

cell tumor Caki cells [6] same as this

experimental results in PC12 cells.

In conclusion, the findings in this study

demonstrated that curcumin induces [Ca2+]i

depletion under both Ca2+-containing and

Ca2+-free solution in PC12 cells. The [Ca2+]i

depletion is only blocked by ruthenium red, an

inhibitor of mitochondrial uniporter, in dose-

dependent manner. These results suggest that

curcumin modulates [Ca2+]i and acts as an

stimulator of intracellular Ca2+ uptake into

mitochondria via uniporter pathway.

Summary

This stuudy was investigated to clarify the

effect of curcumin on intracellular calcium
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concentration ([Ca2+]i) in PC12 cells.

Curcumin induced a marked depletion of

[Ca2+]i in PC12 cells bathed with both Ca2+-

containing and Ca2+-free solution.

Extracellular Na+-free solution and vanadate

did not inhibit the curcumin effect on the level

of plasma membrane. Thapsigargin and

carbonyl cyanide 3-chlorophenylhydrazone

also had no effect and both SERCA and

mitochondrial rapid Ca2+ uptake mode did not

participate in curcumin-induced calcium

depletion. Ruthenium red, an inhibitor of

mitochondrial uniporter, only attenuated the

curcumin-induced [Ca2+]i depletion in dose-

dependent manner with ED50 of 2.7 ± 0.14 μ

M. Present study demonstrates that curcumin

acts as a stimulator of intracellular Ca2+

uptake into mitochondria via uniporter

pathway and may involve in the modulation of

cellular function.
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