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Curcumin Suppresses T Cell Activation by Blocking Ca**
Mobilization and Nuclear Factor of Activated T Cells (NFAT)
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(Background: Curcumin can overcome CsA resistance. However, the molecular mechanism is unknown.
Results: Curcumin blocks T cell stimulation-induced Ca>* mobilization and thereby prevents NFAT activation, a mechanism

Conclusion: Curcumin is an immunosuppressive phytochemical that blocks Ca?* signaling.
Significance: The study demonstrates for the first time that curcumin is a potent inhibitor of NFAT activation via blocking Ca*
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Curcumin is the active ingredient of the spice turmeric and
has been shown to have a number of pharmacologic and thera-
peutic activities including antioxidant, anti-microbial, anti-in-
flammatory, and anti-carcinogenic properties. The anti-inflam-
matory effects of carcumin have primarily been attributed to its
inhibitory effect on NF-kB activity due to redox regulation. In
this study, we show that curcumin is an immunosuppressive
phytochemical that blocks T cell-activation-induced Ca>*
mobilization with IC;, = ~12.5 um and thereby prevents NFAT
activation and NFAT-regulated cytokine expression. This find-
ing provides a new mechanism for curcumin-mediated anti-in-
flammatory and immunosuppressive function. We also show
that curcumin can synergize with CsA to enhance immunosup-
pressive activity because of different inhibitory mechanisms.
Furthermore, because Ca>* is also the secondary messenger
crucial for the TCR-induced NF-kB signaling pathway, our find-
ing also provides another mechanism by which curcumin sup-
presses NF-kB activation.

Curcumin (Diferuloylmethane) is a polyphenol product
derived from the rhizomes of plant Curcuma longa widely used
for flavoring additives and food preservatives in Asiatic coun-
tries. In old Hindu and in traditional Chinese medicine, Cur-
cuma longa has been used for treatment of a variety of inflam-
matory conditions, skin wounds, hepatic, and biliary disorders
(1). Research over the last 50 years demonstrates that curcumin
possesses a variety of pharmacological effects against inflam-
mation and infections from parasites, bacteria, and viruses (2,
3). Because of its potent anti-inflammatory properties, curcu-
min has actively been under clinical trials in various inflamma-
tory conditions e.g. post-surgery, rheumatoid arthritis, osteoar-
thritis, dyspepsia, gastric ulcer, inflammatory bowel disease and

pancreatitis (3, 4). Current studies indicate that curcumin may
also have potential in prevention and treatment of tumors (6, 7).

Curcumin has been shown to suppress production of a num-
ber of inflammatory cytokines including TNF, IL-1, IL-8,IL-12,
and chemokines (8 —12). To a large part, the anti-inflammatory
potential of curcumin stems from its antioxidant capacity
(depending on the dose) leading to down-regulation of tran-
scription factors, e.g. NF-«B, STAT-1, and STAT-3 (13-15).
Along this line, pretreatment with curcumin was found to pro-
long skin graft survival in an animal model (16). A later study
showed that curcumin could enhance the immunosuppressive
activity of cyclosporine A (CsA)? in rat cardiac allografts (17).
Moreover, curcumin was found to be a potent inhibitor of CsA-
resistant T cells in response to T cell activation (18). These
studies imply that curcumin itself might have a direct immuno-
suppressive function.

Physiologically, T cell activation via T cell receptor (TCR)
engagement initiates activation of SRC protein-tyrosine
kinases (PTKs) LCK and FYN which in turn phosphorylate the
TCR subunits at tyrosine residues. Phosphorylated TCR sub-
units function as docking sites for the recruitment of the PTK
ZAP70 which subsequently phosphorylates several substrates,
the linker for activation of T cells (LAT), SLP76 and phospho-
lipase C-y (PLC-vy). Activation of PLC-y by phosphorylation
leads to hydrolysis of phosphatidylinositol 4,5-bisphosphate to
inositol 3,4,5-triphosphate (IP3) and diacylglycerol (DAG).
DAG activates protein kinase C6 (PKC0)/NF-«B and the mito-
gen-activated protein kinases (MAPK) pathways, whereas, IP3
production triggers release of Ca®>" from intracellular stores in
the endoplasmic reticulum (ER) (19, 20). Depletion of Ca**
stores is then sensed by stromal interaction molecule 1
(STIML1), an ER-resident sensor, which triggers entry of Ca®"
through the Ca®" release-activated calcium (CRAC) channels
in the plasma membrane (20, 21). Increase in cytoplasmic Ca®*
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levels triggers activation of the Ca”>*-dependent serine/threo-
nine phosphatase calcineurin, which in turn activates the
nuclear factor of activated T cells (NFAT) by dephosphory-
lation and nuclear translocation. NFAT is a key regulator of T
cell function and is essential for activating most T cell cytokine
genes (20, 22).

The well-known NFAT inhibitors are CsA and FK506 that
have been used in organ transplantation to prevent graft-ver-
sus-host disease (23). Both drugs target calcineurin (24).
Because curcumin could overcome CsA-resistant T cells (18),
we asked whether curcumin suppresses NFAT activation and if
so by what mechanism curcumin overcomes CsA resistance. In
this study, we show that curcumin exerts its immunosuppres-
sive activity by suppressing NFAT activation via a mechanism
different from CsA and FK506. We demonstrate that curcumin
blocks T cell-stimulation-induced Ca®** mobilization and
thereby prevents calcium signaling in lymphocyte activation.

EXPERIMENTAL PROCEDURES

Cells and Cell Culture—The Jurkat T leukemia cells were
cultured in RPMI 1640 medium (Sigma) supplemented with
10% FCS, 50 pg/ml gentamicin, 6 mm HEPES (Sigma), and 2
mM L-glutamine (Sigma) at 37 °C and 5% CO,. Human periph-
eral blood T cells were prepared as described previously (25).
Briefly, peripheral blood mononuclear cells were prepared by
Ficoll-Paque (Pharmacia) density centrifugation. Adherent
cells were removed by adherence to plastic culture vessels for
1 h. T cells were isolated from the peripheral blood mononu-
clear cells by rosetting with 2 amino-ethylisothio-uronium-
bromide-treated sheep red blood cells. For inductions, cells
were stimulated by a-CD3 (OKT3 10 wg/ml) or PMA (5 ng/ml)
(Sigma) plus ionomycin (1 um) (Merck, Darmstadt, Germany)
for the indicated time. Curcumin (> 99%) was purchased from
Alexis Biochemicals (San Diego, CA).

Determination of IL-2 and IFN-y Proteins—Freshly isolated
peripheral blood T cells (1 X 10°/ml) were stimulated by PMA
(5 ng/ml) plus ionomycin (1 uMm) in the absence or presence of
curcumin for 24 h. Supernatants were tested for the presence of
IL-2 and IFN-vy using an enzyme-linked immunosorbent assay
(ELISA) specific for human IL-2 and IFN-vy proteins (Becton
Dickinson Company, Heidelberg, Germany) according to the
manufacturer’s instruction.

Flow Cytometry Analysis of CD69 Surface Expression—Cells
were washed twice with PBS and stained with fluorescent-
tagged antibody to CD69 (mAb, FITC; BD Biosciences, Heidel-
berg, Germany) on ice in the dark. After 30 min of staining, cells
were washed twice with PBS and analyzed by FACScan (BD
Biosciences).

Preparation of Nuclear Proteins, Total Cell Lysates, and
Immunoblotting—Nuclear proteins were prepared as described
previously (25). For cell lysates, T cells were lysed in ice-cold
RIPA buffer (50 mm Tris-HCI, pH 8.0, 120 mm NaCl, 1% Non-
idet P-40, 0.5% deoxycholate, 1 mm PMSF, 25 mm NaF, 0.1%
SDS, 1 mm DTT, 0.2 mm NazVO0,, and 20 wl/ml protease inhib-
itors) for 20 min at 4 °C. Equal amounts of proteins were run on
10% SDS-PAGE gels, transferred onto Hybond-ECL nitrocellu-
lose membrane (GE Healthcare, Munich, Germany). The blot
was blocked with 5% BSA in PBS/0.1% Tween 20 for 1 h at room
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temperature. The blot was washed 3 X 10 min with PBS/Tween
20 and developed with HRP-coupled antibodies in 5% milk
powder in PBS/0.1% Tween 20 for 1 h at room temperature,
washed again 3 X 10 min at room temperature followed by
enhanced Chemiluminescence Reagent Plus (PerkinElmer Life
Sciences, Rodgau). The following antibodies were used: the
antibodies against NF«kB p65 (A, sc-109), p50 (E-10, sc-8414)
and YY1 (H-10, sc-7341) antibody from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, Heidelberg, Germany); the anti-c-
Jun monoclonal antibody from BD-Bioscience-Phamingen
(Heidelberg, Germany); the anti-active p38 antibody from
NEB (Frankfurt a. Main, Germany); the phosphor-SAPK/
JNK (G9, 9255) monoclonal antibody from Cell signaling
(Europe) and the anti-NF-ATcl monoclonal antibody (7A6)
from Alexis Biochemicals (Griinberg, Germany). For strip-
ping, membranes were incubated for 30 min at 56 °C in a
buffer containing 62.5 mm Tris-HCI, pH 6.7, 2% SDS, and
100 mM B-mercaptoethanol.

Confocal Laser Scan Microscopy (LSM)—Jurkat T cells stim-
ulated with PMA/ionomycin for 30 min in the presence or
absence of curcumin were fixed with Cytofix/Cytoperm (BD
Pharmingen) and washed with Perm/Washing solution (BD
Pharmingen) for three times at 4 °C. The cells were incubated
with anti-NF-ATc1 for 30 min, washed three times with Perm/
Washing solution as before and then stained with anti-IgG Cy3
antibodies for 30 min. The cells were washed with Perm/Wash-
ing solution for three times again and subjected to LSM. Slides
were coated with poly-L-lysine to increase adhesion and pre-
vent cell motility during microscopy. The nucleus was stained
with DAPL Confocal LSM was performed using a Zeiss LSM
510 UV microscope operating with an argon ion laser (488 nm)
and a HeNe laser (543 nm) (Zeiss, Jena, and Oberkochen,
Germany).

Plasmid Constructs and Transient Transfections—Luciferase
reporter construct containing the human IL-2 (—300/+47), the
human IFN-vy (—854/+7) promoter, and the multiple NF-AT,
AP-1, and NF-«kB luciferase constructs were generated previ-
ously (25). Jurkat T cells were transfected by electroporation as
previously described (25). After overnight recovery, the cells
were divided and treated with different doses of curcumin and
then further cultured in the absence or presence of PMA (5
ng/ml) and ionomycin (1 um) for 8 h. Luciferase activity was
determined in 10 pl of cell extract using the luciferase assay
substrate (Promega Corp., Mannheim, Germany) with a Duolu-
mat LB9507 luminometer (Berthold, Bad Wildbad, Germany).

Determination of Intracellular Calcium—Cells were loaded
with 1 uM Fluo-4 (Invitrogen, Darmstadt, Germany) at 37 °Cin
the dark for 20 min followed by treated with different doses of
curcumin for 10 min and then, washed three times with PBS to
remove the extracellular Ca®>" and suspended in PBS. The
release of Ca®>" was measured by flow cytometry in a FACScan
(Becton Dickinson, Sunnyvale, CA) in FL-1 after adding iono-
mycin (0.5 um) or «CD3 (OKT3 10 pg/ml). For determination
of influx of extra-cellular Ca®*, the intracellular Ca®>* stores
were first depleted in the absence of extracellular Ca>* (in PBS)
by either ionomycin or «CD3 for 7 min. The cells were then
treated with or without curcumin for 30 s and 1 mm Ca*>* was
added back.
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Calcineurin Phosphatase Assay—Calcineurin phosphatase
activity was measured using a calcineurin assay kit (Merck).
Each reaction (total 50 ul) contained 50 mwm Tris, pH 7.5, 100
mMm NaCl, 6 mm MgCl,, 0.5 mm CaCl,, 0.5 mm DTT, 0.025%
Nonidet P-40, 0.25 uM calmodulin, and 40 units of calcineurin.
The reaction was initiated at 30 °C by adding the phosphopep-
tide substrate to a final concentration of 0.15 mm. In the case of
calcineurin inhibition, 5 or 10 ug/ml curcumin or 400 ng/ml
CsA plus 200 ng/ml cyclophilin A (BIOMOL Research Labora-
tories, Inc) was included in the reaction mixture.

RESULTS

Curcumin Suppresses T Cell Activation—To investigate the
role of curcumin on T cell activation, we used the Jurkat T cell
line and peripheral blood T cells (PBT) freshly isolated from
healthy donors as model systems. Jurkat or PBT were stimu-
lated with ionomycin, a Ca*>* stimulus, in combination with
PMA, which mimics antigen signals for T cell activation, in the
absence or presence of different concentrations of curcumin.
The effect of curcumin on the status of T cell activation was
evaluated by the cell surface expression levels of CD69, an early
activation marker of T cells (26). The experiment showed that
PMA/ionomycin stimulation resulted in increase in CD69
expression in Jurkat and PBT cells. However, in the presence of
curcumin (2.5-10 ug/ml equivalent to 7-28 um), CD69 expres-
sion levels were reduced in a dose-dependent manner (Fig. 1, A
and B). 5 pg/ml of curcumin (equivalent to 14 um) reduced
CD69 expression to a level comparable to that treated with 50
ng/ml of CsA (Fig. 1C). Suppression of CD69 expression corre-
lated with reduced expression levels of the T cell cytokine IL-2
and IFN-vy (Fig. 2A4). High doses of curcumin induces apoptotic
cell death in PBT (> 30 uM) and Jurkat T cells (50 um) (27, 28).
At the doses used (2.5-10 ug/ml equivalent to 7-28 um), no
apoptotic cell death was seen (data not shown). These data con-
firm that curcumin suppresses T cell activation.

Curcumin Suppresses NFAT-mediated Transcriptional
Activity—We next investigated the mechanisms by which cur-
cumin down-regulates IL-2 and IFN-vy protein expression.
Luciferase reporter plasmids containing promoters of the
human IL-2 and IFN-vy were subjected to transient transfection
studies into Jurkat T cells. Transfected cells were then stimu-
lated with PMA/ionomycin in the presence or absence of dif-
ferent concentrations of curcumin. Consistent with the protein
expression data, the promoter activities of IL-2 and IFN-y were
down-regulated by curcumin in a dose-dependent manner (Fig.
2B). Therefore, curcumin suppresses cytokine expression at the
transcriptional levels.

Most of inflammatory cytokine genes, including IL-2 and
IFN-v, are activated by the inducible transcription factors
NFAT and NF-«B (29, 30). Curcumin has been shown to inhibit
NE-«B activity in various cell types including T cells and, there-
fore, inhibition of NF-«B has been suggested to be the main
mechanism of curcumin-mediated suppression of cytokine
expression (31). Because NFAT is a key regulator of T cell func-
tion and has been shown to be essential for activating most T
cell cytokine genes (32, 33), we examined the effect of curcumin
on NFAT activity. A luciferase reporter construct containing
multiple copies of the NFAT-binding elements derived from
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FIGURE 1. Curcumin suppresses CD69 expression in activated T cells.Aand B,
curcumin suppresses CD69 expression in T cells. Jurkat (A) and freshly isolated
human peripheral blood T cells (B) were stimulated with PMA (5 ng/ml) and iono-
mycin (1 um) in the absence or the presence of 2.5 to 10 wg/ml curcumin as
indicated. After 24 h stimulation, the cells were analyzed for CD69 surface expres-
sion levels by FACS. C, CsA suppresses CD69 expression. Jurkat T cells were stim-
ulated with PMA and ionomycin in the absence or presence of CsA (50 ng/ml) as
in Aand B. The reduced CD69 expression is indicated by arrows. Results are rep-
resentative of two independent experiments.

the IL-2 promoter was transiently transfected into Jurkat T
cells, and the transfected cells were stimulated with PMA/iono-
mycin in the absence or presence of curcumin. The experiment
showed that the transcriptional activity mediated by the NFAT
elements was down-regulated by curcumin in a dose-depen-
dent manner (Fig. 34, left panel). The IL-2 NFAT element is
composed of a combined NFAT and AP-1 (Fos/Jun) binding
sequence (33). However, the same concentrations of curcumin
did not suppress the transcriptional activity mediated by the
consensus binding sequences for AP-1 (Fig. 3A, middle panel).
Consistent with other studies, NF-«kB-mediated transcriptional
activity was down-regulated by curcumin (Fig. 34, right panel).
This study indicates that besides NF-kB, curcumin may inhibit
NFAT transcriptional activity.

Curcumin Prevents T Cell Stimulation-induced NFAT
Nuclear Translocation—To investigate the mechanism by
which curcumin inhibits NFAT-mediated transcription, we
examined the effect of curcumin on nuclear expression of
NFAT. Jurkat T cells were stimulated with PMA/ionomycin for
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FIGURE 4. Curcumin prevents stimulation-induced nuclear expression of NFAT determined by confocal LSM. Jurkat T cells were treated as described in
Fig. 3B. The cellular and nuclear expression levels of NFATc1 were visualized by confocal LSM.

an in vitro phosphatase assay was performed in the presence or
absence of curcumin. The experiment showed that no reduc-
tion in calcineurin activity was seen in the presence of curcumin
(Fig. 54). In contrast, CsA strongly inhibited calcineurin phos-
phatase activity (Fig. 5A). Therefore, curcumin does not
directly inhibit calcineurin activity.

It has been shown that NFAT activation can be inhibited by
the cellular MAPK JNK and p38 that phosphorylate and pro-
mote NFAT nuclear export (34, 35). Therefore, we asked
whether curcumin inhibits NFAT activity by enhancing JNK
and p38 activity. To address this question, Jurkat T cells were
treated with curcumin for different time periods (Fig. 5B) or in
combination with T cell stimulation with PMA/ionomycin (Fig.
5B). Kinetic analysis showed that curcumin alone induced
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phosphorylation of JNK and p38, but at a rather late time point
(8 h) (Fig. 5B). As shown in Fig. 3B, inhibition of NFAT nuclear
expression was seen at 2 h of curcumin treatment. In addition,
curcumin did not significantly enhance the PMA/ionomycin-
induced phosphorylation of JNK and p38 (Fig. 5C). These
experiments ruled out the possibility that curcumin inhibits
NFAT nuclear expression through enhancing JNK/p38-medi-
ated nuclear export.

Curcumin Inhibits T Cell Activation-induced Ca”* Mobi-
lization—Because NFAT is a Ca®" -regulated transcription fac-
tor, we asked whether curcumin inhibits NFAT activity by
interfering with T cell activation-induced Ca®* signal trans-
duction. To investigate this question, Jurkat T cells were loaded
with the Ca®>* indicator Fluo-4 and then stimulated with iono-
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FIGURE 5. Curcumin does not directly inhibit calcineurin phosphatase activity and does also not enhance activities of the NFAT kinases p38 and JNK
in activated T cells. A, curcumin has no direct inhibitory effect on calcineurin phosphatase. Calcineurin phosphatase activity was measured using an in vitro
calcineurin assay kit in the absence or presence of curcumin. B, kinetic analysis of the effect of curcumin on p38 and JNK activity. Jurkat T cells were treated with
curcumin (10 ug/ml) for different time periods. Total cell lysates were subjected to Western blot with antibodies against phosphorylated p38 (p-p38) and JNK
(p-JNK1/2). C, curcumin does not enhance PMA/ionomycin-induced phosphorylation of p38 and JNK. Jurkat T cells were stimulated with PMA (5 ng/ml) plus
ionomycin (1 um) for 2 h in the absence or presence of different concentrations of curcumin. Total cell lysates were analyzed by Western blot. All data are

representative of two independent experiments.

mycin or a-CD3 antibody (which mimic TCR stimulation) in
the absence or presence of curcumin. In the absence of curcu-
min, a rapid rise in cytosolic Ca®>" concentration was seen
immediately after stimulation of the cells with ionomycin or
with a-CD3 (Fig. 6A, left panel). In the presence of curcumin,
the ionomycin- and a-CD3-induced increase in cytosolic Ca**
concentrations was inhibited in a dose-dependent manner (Fig.
6A, left panel). These data suggest that curcumin blocks Ca®"
efflux from intracellular Ca®" stores. To investigate whether
curcumin could also block Ca*" influx from outside the cell,
Jurkat T cells were suspended in medium lacking Ca*>* and
then stimulated with ionomycin or a-CD3 to deplete the intra-
cellular Ca®>" store. After 7 min of Ca®>* depletion, cells were
treated without or with different concentrations of curcu-
min for 30 s and, then, Ca®>* was added into the medium. A
rapid uptake of Ca*>" into the cells was seen following Ca>"
supply (Fig. 6A, right panel). Curcumin was shown to also
reduce Ca®" influx from extracellular space (Fig. 6A, right
panel). Similar results were obtained when the experiments
were carried out with PBT freshly isolated from healthy
donors (Fig. 6B).

The L-type voltage-gated calcium (L-type Cav) channel,
known to mediate Ca®>* mobilization in excitable cells, has
recently been shown to also play a critical role in Ca>* mobili-
zation in non-excitable cells including T lymphocytes (36, 37).
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Therefore, we asked whether curcumin interferes with L-type
Cav-mediated Ca®>* mobilization. To address this question,
Jurkat T cells were stimulated with the 1,4-dihydropyridine
L-type channel agonist (*+)-Bay K 8644 in the absence or pres-
ence of curcumin. The experiments showed that curcumin
could block L-type Cav-mediated Ca>" mobilization (Fig. 6C).
These experiments demonstrate that curcumin exerts its im-
munosuppressive effect by blocking the T cell activation-in-
duced Ca*" signaling pathway.

Curcumin and CsA Cooperatively Down-regulate T Cell
Activation—Because curcumin inhibits NFAT activation
through a mechanism different from CsA, we predict that cur-
cumin may enhance the immunosuppressive activity of CsA.
To prove this prediction, we examined the CD69 expression
levels of Jurkat T cells stimulated with PMA/ionomycin in
the absence or presence of different concentrations of CsA
with or without curcumin. As predicted, the experiments
showed that even at a very low dose (1 ug/ml, equivalent to
2.5 uM) curcumin could significantly enhance the suppres-
sive effect of CsA on CD69 expression (Fig. 7, A and B). To
further investigate that this observation was due to enhanced
inhibition of NFAT activity, the NFAT-luciferase reporter
plasmid was transfected into Jurkat T cells, which were then
treated with either CsA or curcumin alone or in combina-
tion. Indeed, the NFAT-mediated transcriptional activity

JOURNAL OF BIOLOGICAL CHEMISTRY 10205



Curcumin Inhibits Ca** Signaling

A Jurkat
% 500
‘§ 4001
I
— 3004
= |
% 200
I
< 100,
= 1
0 100 200 300 400
Time (sec)
E180
=]
(1}
L1304
o
a0
P
30 T T T
0 100 . 200 300 400
Time (sec)
B Blood T cells
E,zon
L1}
I
< 150 5 pg/ml
w lon
T 100 b
e 10 pg/ml
50 : T T
0 100 200 300 400
Time (sec)
c Jurkat
Ex
= 2.5 pg/ml
7 500 1
|
o
- Bay K 3
o 5 pg/ml
< 300 10 pg/ml
° T T T T
£ 0 100 200 300 400
Time (sec)

Jurkat

0 200

400
Time (sec)

2.5 pgfml
5 pg/ml

CaZ+

_ 400 600
Time (sec)
Blood T cells
5800 2.5 pg/ml
1 600 4
2 4004 lono. Cal+
pr
— Ve
0 200 _ 400 600
Time: Time (sec.)
Jurkat
%
£ 360 Cats 5 po/ml
8310 ¢
Z260{ Bay K
2 210 4 4
£ 0 200 400 600 800
Time (sec)

FIGURE 6. Curcumin blocks Ca?* mobilization in activated T cells. A, effect of curcumin on Ca?* mobilization in Jurkat T cells. Jurkat T cells were loaded with
1 umfluorescent Ca®"-indicator Fluo-4 in PBS in the absence of extracellular Ca®* followed by pretreated with different doses of curcumin for 10 min. Cells were
washed with PBS. The release of Ca®" from the intracellular stores was measured by flow cytometry after adding ionomycin (1 um) or «CD3 (OKT3 10 ug/ml)
(left panels). For determination of influx of extracellular Ca®*, the intracellular Ca* stores were first depleted in the absence of extracellular Ca®* by ionomycin
or by aCD3 for 7 min. The cells were then treated with or without curcumin for 30 s. The Ca®* influx was measured after adding 1 mmCa®* (right panels). B, effect
of curcumin on Ca®" mobilization in peripheral blood T cells. Blood T cells were treated as in A. C, effect of curcumin on Ca®" mobilization in Jurkat T cells
stimulated with (+)-Bay K 8644. Jurkat T cells were loaded with 1 umindol-1 and pretreated without or with curcumin as in A. The Ca** levels were monitored
by flow cytometry after adding 100 um (*)-Bay K 8644. All data are representative of at least two independent experiments.

could be further down-regulated by combination treatment
with curcumin and CsA (Fig. 7C, left panel). As negative
control, curcumin and CsA did not show a cooperative sup-
pression of the AP-1-mediated transcriptional activity (Fig.
7C, right panel). These experiments demonstrate that curcu-
min can serve as an adjuvant of CsA.

DISCUSSION

So far, the anti-inflammatory and immunosuppressive
function of curcumin has been largely attributed to its anti-
oxidative activity and to inhibition of NF-«kB (7, 31). In this
study, we identified a new action of curcumin, namely, its
function as an NFAT inhibitor through blocking the Ca**
signaling pathway. This finding provides an additional
mechanism for curcumin-mediated anti-inflammatory and
immunosuppressive functions.

NFAT is a central regulator of T cell function essential for
activation of most T cell cytokine genes (32, 33). We show that
curcumin-mediated inhibition of cytokine expression in acti-
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vated T cells involves inhibition of NFAT activation via block-
ing T cell activation-induced increase in Ca?" mobilization.
The major pathway that induces intracellular Ca®" levels in
lymphocytes is through store-operated calcium entry (SOCE)
and CRAC channels (20, 21). TCR ligation leads to activation of
PLC-v, which, in turn, hydrolyzes phosphatidylinositol 4,5-
bisphosphate to IP3 and DAG. IP3 binds to and opens IP3
receptors in the membrane of the ER resulting in release of
Ca®" from intracellular Ca>" stores. Depletion of Ca>"
stores is then sensed by STIM1 that triggers entry of Ca>"
through the CRAC channels in the plasma membrane (20,
21). We show that curcumin inhibits the increase in cytosolic
Ca’" levels induced by ionomycin, a Ca>* ionophore which
induces release of Ca®>" from ER, or by a-CD3 antibody,
which mimics TCR stimulation. These data suggest that cur-
cumin function as a channel blocker. Indeed, a study using
porcine cerebellar microsomal membranes to investigate the
effect of curcumin on IP3-induced Ca®>* release demon-
strates that curcumin is a potent inhibitor of the IP3 receptor
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FIGURE 7. Curcumin enhances the immunosuppressive activities of CsA. A, curcumin and CsA synergize to inhibit CD69 expression in activated T cells.
Jurkat T cells were stimulated with PMA/ionomycin in the absence or the presence of either CsA alone or CsA plus 1 ug/ml curcumin. After 17 h stimulation, the
cells were analyzed for CD69 surface expression levels by FACS. B, data from A are presented as bar charts. C, curcumin and CsA cooperatively inhibit NFAT
transcriptional activity. The NFAT and AP1 luciferase reporter plasmids were transfected into Jurkat T cells. After overnight culture, the cells were split and
pre-incubated with solvents, curcumin, CsA, or curcumin plus CsA for 30 min and then stimulated with PMA/ionomycin or left unstimulated. Luciferase activity
was determined 8 h after stimulation. Data are representative of three independent experiments performed in triplicate transfections.

with IC;, = 10 uM (38). Consistent with that study, we show
that 5 ug/ml of curcumin (equivalent to 14 um) blocked 50%
of Ca®" release from ER triggered by ionomycin or by a-CD3
(Fig. 6, A and B).

We also show that curcumin could prevent Ca*" influx from
the extracellular matrix after depletion of ER Ca®" stores in T
cells (Fig. 6, A and B). The major channel involved in the Ca®"
entry pathway from the extracellular matrix is the CRAC chan-
nel (20, 39). Whether curcumin directly interferes with CRAC
channels remains an open question. Besides CRAC channels, a
number of studies have shown that T cells express high levels of
the L-type Cavl pore-forming subunit. Recent evidence indi-
cates that the L-type Cav channels are involved in Ca>* entry dur-
ing an immune response (40). We show that curcumin could
inhibit cytosolic increase in Ca>" levels induced by the L-type Cav
channel agonist (*)-Bay K 8644 (Fig. 6C). Therefore, blocking
L-type Cav function may be a mechanism by which curcumin pre-
vents extracellular Ca®" entry into the cells.

Following Ca>* entry into the cells, NFAT is activated by the
Ca®>*-dependent serine/threonine phosphatase calcineurin
which in turn dephosphorylates and promotes NFAT translo-
cation from cytoplasm to nucleus (32, 33). Therefore, we exam-
ined whether curcumin inhibits NFAT activation via inhibition
of calcineurin. However, curcumin, in contrast to CsA, does not
directly inhibit calcineurin phophatase activity examined by an
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in vitro assay (Fig. 54). We also show that curcumin has no
effects on the activities of the NFAT kinases JNK and p38 (Fig.
5C). Therefore, curcumin-mediated inhibition of NFAT activ-
ity is unlikely through direct prevention of NFAT dephosphor-
ylation or through acceleration of NFAT phosphorylation by
JNK and p38.

Because curcumin suppresses NFAT activation through a
mechanism that differs from that of CsA, this explains why
curcumin could inhibit CsA-resistant T cells (18). This finding
also provides the explanation for the observation that curcumin
could prolong allografts observed in animal models (16, 17).
CsA and FK-506 (Tacrolimus) are calcineurin inhibitors used
to prevent graft-versus-host disease in organ transplantations.
However, these drugs are quite toxic because of their ability to
inhibit calcineurin in cells outside the immune system (41, 42).
Therefore, it has precluded their use in other clinical situations
such as allergy, inflammation, and autoimmune disease (41, 42).
In comparison, pharmacological safety of curcumin has been
demonstrated by its consumption for centuries and by several
clinical trials (43, 44). Consistent with the early study showing
that curcumin could enhance the immunosuppressive activity
of CsA in rat cardiac allografts (17), we show that curcumin can
enhance CsA-mediated suppression of T cell activation (Fig. 7).
These data suggest that curcumin may be a promising adjuvant
for CsA.
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So far, the mechanism of curcumin-mediated suppression of
NEF-kB activation has been largely attributed to its anti-oxidant
activity. The Ca®" signaling pathway is also known to be crucial
for TCR-induced NF-«B activation. It has been shown that the
Ca’*-dependent phosphatase calcineurin cooperates with
PKC to activate NF-kB in vivo (45). Both PKC and calcineurin
were necessary, as inhibition of either one reverses the acti-
vation of the IKK complex and IKK« phosphorylation in vivo
(45). The essential step in TCR-induced NF-«B activation is
the formation of the CBM complex, which is composed of
Carma 1, Bcl10 and Maltl. A most recent study shows that,
in contrast to NFAT which is directly dephosphorylated
by calcineurin, calcineurin regulates TCR-induced NF-«B
activity by controlling the formation of the CBM complex
(5). The study demonstrates that increased Ca*' levels
induced by ionomycin augmented the PMA-induced forma-
tion of the CBM complex and activation of NF-«B, whereas
removal of Ca®>* by the Ca?" chelator EGTA attenuated both
processes (5). Therefore, inhibition of Ca?" mobilization
may contribute another mechanism by which curcumin sup-
presses NF-«B activation.

Taken together, by using Jurkat and primary human T lym-
phocytes, we demonstrate for the first time that curcumin is a
potent inhibitor of NFAT activation and prevents NFAT acti-
vation by blocking Ca®* signaling in T cells. Because Ca*" is
also the secondary messenger crucial for TCR-induced NF-«B
signaling, our study also provides another mechanism by which
curcumin suppresses NF-«kB activation.
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