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Abstract Effects of curcumin, a major constituent of
turmeric, on ecto-nucleotidases have not been clarified.
Here, we investigated whether curcumin affects ecto-
nucleotidase activities in human hepatocellular carcinoma
HepG2 cells. In the cells, high levels of Mg *-dependent
activity of ecto-nucleotidases were observed in the presence
of 1 mM adenosine triphosphate (ATP). The activity was
inhibited by ecto-ATPase inhibitors such as suramin, ZnCl,
and 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid. On
the other hand, the activity was significantly decreased at
alkaline pH (pH 9) and was not inhibited by levamisole, an
inhibitor of alkaline phosphatase. In the presence of ATP,
curcumin inhibited the activity in a concentration-depen-
dent manner (ICsy = 6.2 pM). In contrast, curcumin had no
effects on ecto-nucleotidase activity in the presence of ADP
(1 mM) or AMP (1 mM). The K,,, value for ATP hydrolysis
of curcumin-sensitive ecto-ATPase was similar to the value
of NTPDase2, an isoform of ecto-nucleoside triphosphate
diphosphohydrolase. These results suggest that curcumin is
a potent inhibitor of ecto-ATPase and may affect extracel-
lular ATP-dependent responses.
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Introduction

Adenosine triphosphate (ATP), which is released from
cytosol to the extracellular spaces, binds to P, receptors (P, X
and P,Y receptors) and regulates important physiological
responses in many biological processes [1, 2]. The concen-
tration of extracellular nucleotides is precisely regulated by
ecto-nucleotidases such as ecto-nucleoside triphosphate
diphosphohydrolases (E-NTPDases), ecto-nucleotide pyr-
ophosphatase/phosphodiesterases (E-NPPs), alkaline phos-
phatases and ecto-5'-nucleotidases [3, 4]. ATP and ADP are
hydrolyzed by E-NTPDases (E-NTPDasel-3), E-NPPs
(NPP1-3) and alkaline phosphatases at the plasma mem-
brane [3, 4]. However, AMP is hydrolyzed to adenosine by
ecto-5'-nucleotidase [3, 4]. Extracellular adenosine is a
ligand for the P; receptor and also regulates important
physiological responses [2].

Extracellular ATP regulates liver functions and is
hydrolyzed by ecto-ATPase located at the plasma membrane
of liver cells [5, 6]. It has been reported that NTPDase?2 is
abundantly expressed in human hepatocellular carcinoma
HepG2 cells, whereas no significant expression of NTP-
Dasel and 3 is observed by semiquantitative RT-PCR [7].

Curcumin (diferuloylmethane) is a natural compound
present in turmeric, a rhizome of the Asian plant Curcuma
longa, and has been used in traditional ayurvedic medicine.
It has diverse biological activities, including anti-inflam-
matory, antioxidant, antiviral and anti-infectious effects [8].
Curcumin also has hepatoprotective effects; it prevents liver
damages induced by ethanol, thioacetamide, iron overdose,
cholestasis, low density lipoprotein (LDL) and carbon tet-
rachloride [9-11]. Recently, curcumin has been reported to
inhibit the growth of several cancer cells of the colon,
duodenum, esophagus, stomach, liver, breast, leukemia,
oral cavity and prostate [12, 13].
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So far, p-glycoprotein, multidrug resistance protein 1
and 2, glutathione, protein kinase C, o-1-acid glycoprotein,
CD13/aminopeptidase N, lipoxygenase and several tran-
scription factors have been identified as targets for curcu-
min [14]. However, effects of curcumin on the purinergic
signaling system have not been clarified. In this study, we
examined whether curcumin affects the activities of ecto-
nucleotidases in HepG2 cells.

Materials and methods
Materials

Curcumin, bafilomycin Al, sodium orthovanadate (V),
levamisole hydrochloride, suramin sodium and zinc chloride
were obtained from Wako Pure Chemical Industries (Osaka,
Japan). ATP, ADP, AMP, ouabain and 4,4’-diisothiocyana-
tostilbene-2,2'-disulfonic acid (DIDS) were from Sigma-
Aldrich (St. Louis, MO, USA). All other reagents were of
molecular biological grade or the highest grade of purity
available.

Cell culture

HepG2 cells, a human hepatocellular carcinoma cell line
(Riken Cell Bank, Tsukuba, Japan), were maintained in
minimum essential Eagle medium (Sigma-Aldrich) sup-
plemented with 100 M non-essential amino acid solution
(Invitrogen, Carlsbad, CA, USA), 100 units/ml penicillin
(Invitrogen), 100 pg/ml streptomycin (Invitrogen) and 10%
fetal bovine serum (Equitech-Bio, Kerrville, TX, USA).

Preparation of the membrane fraction of HepG2 cells

HepG2 cells were resuspended and homogenized in a
solution containing 0.5 mM MgCl, and 10 mM Tris-HCI
(pH 7.4), and the homogenates were centrifuged at
500xg for 10 min at 4°C. Then, the supernatants were
centrifuged at 100,000 x g for 90 min at 4°C, and membrane
fractions were prepared by resuspending the pellets in a
solution containing 250 mM sucrose and 5 mM Tris-HCI
(pH 7.4).

Measurement of ecto-nucleotidase activities

Ecto-nucleotidase activities of membrane fractions of
HepG2 cells (30 pg of protein) were measured in solutions
containing 3 mM MgSO,, 5 mM NaNj, 100 nM bafilo-
mycin Al, 10 pM sodium orthovanadate (V) and nucleo-
tide (1 mM ATP, 1 mM ADP or 1 mM AMP). These
solutions were buffered with 10 mM Mes-Tris (for pH
5-6), 10 mM Hepes-Tris (for pH 7.4) or 10 mM Taps-Tris
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(for pH 8-9). After incubation for 30 min at 37°C, the
reaction was terminated by addition of ice-cold stop solu-
tion containing 12% perchloric acid and 3.6% ammonium
molybdate. Then, the released inorganic phosphate was
quantified as previously described [15]. Kinetic constants
(apparent K, and V.. values) for curcumin (30 uM)-
sensitive ecto-nucleotidase activity were calculated by
Lineweaver-Burk plots.

Measurement of Nat KT-ATPase activity

In the presence and absence of 100 pM ouabain, Nat,K*-
ATPase activity of membrane fractions of HepG2 cells
(30 ng of protein) was measured in a solution containing
10 mM Hepes-Tris (pH 7.4), 120 mM NacCl, 15 mM KCl,
3 mM MgSO, and 1 mM ATP as previously described
[16]. Nat,KT-ATPase activity was calculated as the dif-
ference between the activities in the presence and absence
of ouabain.

Statistical analysis

Data are shown as mean = SE. Comparison between the
two groups was made by using Student’s ¢ test. Statistically
significant differences were assumed at p < 0.05. The I1Cs,
value of data shown in Fig. 3a was calculated using the
KaleidaGraph program, version 4.00 (Synergy Software,
Reading, PA, USA).

Results

Mg*"-activated nucleotidase activity was measured in the
solutions supplemented with 1 mM ATP, 10 uM sodium
orthovanadate (V), a P-type ATPase inhibitor, 100 nM
bafilomycin Al, a V-type ATPase inhibitor and 5 mM
NaN3, an F-type ATPase inhibitor. The major portion of
nucleotidase activity was due to the EDTA (10 mM)-sen-
sitive Mg”"-activated ecto-nucleotidase activity (Fig. 1a).
The minor portion was due to the ouabain (100 pM)-sen-
sitive Na*, K*-ATPase activity in the presence of 120 mM
Na® and 15 mM K" (Fig. 1b). It is noted that the ecto-
nucleotidase activity (calculated as the difference between
the activities in the presence and absence of EDTA) was
approximately three times greater than Na® K*-ATPase
activity (calculated as the difference between the activities
in the presence and absence of ouabain) (Fig. 1c).

To check whether alkaline phosphatase, which has
maximal activity at pH 9-10 [17], contaminated the
present ecto-nucleotidase activity, the activity was mea-
sured at various pHs. The ecto-nucleotidase activity at pH
9 was significantly smaller than that at pH 7.4 (Fig. 1d),
suggesting no significant contribution of alkaline
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Fig. 1 Mg2+—activated ecto-nucleotidase activity in the presence of
ATP (1 mM). a Measurement of nucleotidase activity in the presence
of 3 mM MgSO, (Mg>") and absence of both NaCl and KCI (Na*,
K*) in HepG2 cells. EDTA (10 mM) strongly inhibited the Mgzt
activated ATPase activity. n = 4. b Measurement of nucleotidase
activity in the presence of 3 mM MgSO,4, 120 mM NaCl and 15 mM
KCI in HepG2 cells. Inhibition by ouabain (100 uM) of the (Mg“,
Na*, K™)-activated ATPase activity was slight but significant. n = 7.
¢ Ecto-nucleotidase activity was calculated as the difference between
the activities in the presence and absence of 10 mM EDTA. Na*,K™*-

phosphatase to ecto-nucleotidase activity. In addition,
ecto-nucleotidase activity was not inhibited by 100 pM
levamisole [18], an inhibitor of alkaline phosphatase, at
both pH 7.4 and 9 (Fig. le). It has been reported that
NPPs are activated at alkaline pH as is the case with
alkaline phosphatase [3, 19]. Therefore, NPPs may not
contribute to this activity.

Suramin, DIDS and ZnCl, have been reported to inhibit
the ecto-ATPase activity of NTPDases, including NTP-
Dasel-3, in tissues of several species [3, 20-22]. In the
presence of 1 mM ATP, the ecto-nucleotidase activity in
HepG2 cells was significantly inhibited by 1 mM suramin,
500 pM DIDS and 500 pM ZnCl, (Fig. 2), suggesting that
most of the ecto-nucleotidase activity may be derived from
NTPDases.

In the presence of 1| mM ATP, effects of curcumin on
ecto-nucleotidase activity were examined. Curumin
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ATPase activity was calculated as the difference between the
activities in the presence and absence of 100 pM ouabain. Ecto-
nucleotidase activity was about three times greater than Na®,K'-
ATPase activity in HepG2 cells. d Ecto-nucleotidase activity was
measured at pH 5-9. n =4. e Ecto-nucleotidase activity was
measured at pH 7.4 and pH 9 in the presence (4) and absence (—)
of 100 uM of levamisole, an inhibitor of alkaline phosphatase.
**Significantly different (p < 0.01). NS not significant (p > 0.05).
n=4

inhibited the activity in a concentration-dependent manner,
and the ICsq value was 6.2 pM (Fig. 3a). On the other
hand, curcumin (30 pM) had no significant effects on ecto-
nucleotidase activities in the presence of ADP (1 mM;
Fig. 3c) or AMP (1 mM; Fig. 3d), different from the case
in the presence of ATP (1 mM; Fig. 3b). These results
suggest that curcumin significantly inhibited the ATP-
hydrolyzing activity, but not the ADP- or AMP-hydrolyz-
ing activity in HepG2 cells.

To characterize the kinetics of ecto-ATPase inhibited by
curcumin, curcumin (30 pM)-sensitive ecto-ATPase
activity was measured at various concentrations of ATP
(30 uM to 3 mM). The curcumin-sensitive ecto-ATPase
activity increased in a concentration-dependent manner for
ATP at up to 1 mM (Fig. 4a). Values of apparent K,,, and
Viax for ATP were 153.1 uM and 7.3 pmol Pi/mg/h cal-
culated from Lineweaver-Burk plots (Fig. 4b).
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Discussion phosphatases at the plasma membrane. The ecto-nucleo-

In this study, we found that HepG2 cells have a high
Mg*"-activated ecto-nucleotidase activity, which is
approximately three times greater than the ouabain-sen-
sitive Nat, K*-ATPase activity. Extracellular ATP and
ADP are hydrolyzed by NTPDases, NPPs and alkaline
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tidase activity in HepG2 cells was decreased at alkaline
pH (Fig. 1d, e). In the presence of ATP, the ecto-nucle-
otidase activity was inhibited by ecto-ATPase inhibitors
such as suramin, DIDS and ZnCl,, but not by levamisole,
an inhibitor of alkaline phosphatase (Fig. 2). These results
suggest that NTPDases (NTPDasel-3) but not NPPs and
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alkaline phosphatase may be responsible for the ecto-
nucleotidase activity.

In HepG2 cells, NTPDase2 has been reported to be abun-
dantly expressed, whereas no significant expression of NTP-
Dasel and 3 was observed [7]. NTPDase2 has been reported
to be less sensitive to sodium azide than NTPDasel and 3, in
which 5 mM of sodium azide inhibited ATP-hydrolysis of
NTPDI1 and NTPDase3 by 40-50%, but NTPDase2 was not
inhibited by 10 mM sodium azide [23-26]. In this study, all
experiments for measurement of ecto-nucleotidase activity
were performed in the presence of 5 mM sodium azide, the
concentration of which significantly inhibits NTPDasel and
3. Therefore, NTPDasel and 3 may not contribute to the
activity in the present experimental conditions.

It has been reported that the affinity of NTPDase2 for
ATP is more than 20 times higher than that for ADP [27].
Curcumin selectively inhibited ATP-hydrolyzing activity,
but not ADP- and AMP- hydrolyzing activities in the cells
(Fig. 3). In addition, the K, value for ATP of curcumin-
sensitive ecto-ATPase activity was 157 uM (Fig. 4). This
value was similar to that for ATP hydrolysis of NTPDase2,
210 pM [27] and 203 uM [28]. Taking this information
together, we suggest that curcumin may inhibit the ATP
hydrolysis of NTPDase2 in HepG2 cells.

So far, several compounds have been reported to be
inhibitors of NTPDases. Suramin inhibits the ATP hydro-
lysis of human NTPDase2 with ICsy of 24 uM [29].
ARL67156 inhibits the ATP hydrolysis of human NTP-
Dase2 with an ICsq value of 15 uM [30]. PSB-6426, a
nucleotide mimetic derived from uridine-5'-carboxamide,
inhibits the ATP hydrolysis of human NTPDase2 with an
1Csq value of 42 uM [31]. NF279, a P, receptor antagonist,
has been reported to be a most potent non-selective NTP-
Dase inhibitor, and it inhibits the ATP hydrolysis of human
NTPDase2 with an ICs, value of 4.2 uM [29]. In our study,
curcumin had an ICs of 6.2 uM for ecto-ATPase activity
in HepG2 cells, indicating that curcumin is a potent
inhibitor of ecto-ATPase as strong as NF279. To our

1/[ATP] (/mM)

knowledge, this is the first report to indicate the effect of
curcumin on ecto-ATPase activity.

Inhibition of ecto-ATPase by curcumin may elevate the
amount of extracellular ATP and decrease the amount of
extracellular adenosine, and may result in the changes of
purinergic signaling and cellular functions of cancer cells.
It has been reported that extracellular ATP induces apop-
totic cell death and inhibition of cancer cell growth through
P,X and P,Y receptors in cancer cells [32, 33].

In in vivo and in vitro studies, anti-tumor effects of
curcumin against a wide variety of cancers, including oral,
breast, vulva, skin, liver, colorectal, bladder and cervical
cancers, have been reported [12]. In HepG2 cells, it was
reported that curcumin-induced apoptotic cell death with
ICsp of 17.5 uM and 20 pM of curcumin reduced cell
viability by ~80% [34]. Curcumin also inhibited the cell
growth of hepatocellular carcinoma HA22T/VGH cells
with ICsy of 17.4 uM [35]. These values for ICsq are
similar to those of the inhibitory effects of curcumin on
ecto-ATPase activity (Fig. 4).

In this study, we demonstrated that curcumin is a potent
inhibitor of ecto-ATPase activity. It will be interesting to
clarify the pathophysiological roles of curcumin-dependent
inhibition of ecto-ATPase activity in hepatocellular carci-
noma cells.

Acknowledgments This work was supported in part by Grants-in-
Aid for Scientific Research 20056010 (to H.S.) and 22790204 (to
T.F.) from the Japan Society for the Promotion of Science and Grants-
in-Aid for Scientific Research 21390056 (to H.S.) from the Ministry
of Education, Culture, Sports, Science and Technology of Japan.

Conflict of interest The authors declare no conflict of interest.

References

1. Matsuoka I, Ohkubo S (2004) ATP- and adenosine-mediated
signaling in the central nervous system: adenosine receptor

@ Springer



58

J Physiol Sci (2012) 62:53-58

10.

11.

12.

13.

15.

16.

17.

18.

19.

activation by ATP through rapid and localized generation of
adenosine by ecto-nucleotidases. J Pharmacol Sci 94:95-99

. Corriden R, Insel PA (2010) Basal release of ATP: an autocrine-

paracrine mechanism for cell regulation. Sci Signal 3:rel

. Zimmermann H (2000) Extracellular metabolism of ATP and

other nucleotides. Naunyn Schmiedebergs Arch Pharmacol
362:299-309

. Yegutkin GG (2008) Nucleotide- and nucleoside-converting

ectoenzymes: important modulators of purinergic signalling
cascade. Biochim Biophys Acta 1783:673-694

. Che M, Gatmaitan Z, Arias IM (1997) Ectonucleotidases, purine

nucleoside transporter, and function of the bile canalicular plasma
membrane of the hepatocyte. FASEB J 11:101-108

. Lin S-H, Russell WE (1988) Two Ca2+-dependent ATPases in rat

liver plasma membrane. J Biol Chem 263:12253-12258

. Wood E, Broekman MJ, Kirley TL, Diani-Moore S, Tickner M,

Drosopoulos JH, Islam N, Park JI, Marcus AJ, Rifkind AB (2002)
Cell-type specificity of ectonucleotidase expression and upregu-
lation by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Arch Biochem
Biophys 407:49-62

. Aggarwal BB, Sung B (2008) Pharmacological basis for the role

of curcumin in chronic diseases: an age-old spice with modern
targets. Trends Pharmacol Sci 30:85-94

. Rivera-Espinoza Y, Muriel P (2009) Pharmacological actions of

curcumin in liver diseases or damage. Liver Int 29:1457-1466
Kang Q, Chen A (2009) Curcumin suppresses expression of low-
density lipoprotein (LDL) receptor, leading to the inhibition of
LDL-induced activation of hepatic stellate cells. Br J Pharmacol
157:1354-1367

Bao W, Li K, Rong S, Yao P, Hao L, Ying C, Zhang X, Nussler
A, Liu L (2010) Curcumin alleviates ethanol-induced hepatocytes
oxidative damage involving heme oxygenase-1 induction. J Eth-
nopharmacol 128:549-553

Kunnumakkara AB, Anand P, Aggarwal BB (2008) Curcumin
inhibits proliferation, invasion, angiogenesis and metastasis of
different cancers through interaction with multiple cell signaling
proteins. Cancer Lett 269:199-225

Shehzad A, Wahid F, Lee YS (2010) Curcumin in cancer che-
moprevention: molecular targets, pharmacokinetics, bioavail-
ability, and clinical trials. Arch Pharm Chem Life Sci 9:489-499

. Goel A, Kunnumakkara AB, Aggarwal BB (2008) Curcumin as

“curecumin”: from kitchen to clinic. Biochem Pharmacol
75:787-809

Yoda A, Hokin LE (1970) On the reversibility of binding of
cardiotonic steroids to a partially purified (Na+K)-activated
adenosinetriphosphatase from beef brain. Biochem Biophys Res
Commun 40:880-886

Fujii T, Takahashi Y, Itomi Y, Fujita K, Morii M, Tabuchi Y,
Asano S, Tsukada K, Takeguchi N, Sakai H (2008) K*-Cl™
cotransporter-3a up-regulates Nat,K™-ATPase in lipid rafts of
gastric luminal parietal cells. J Biol Chem 283:6869-6877
Forutuna R, Anderson HC, Carty RP, Sajdera SW (1980) Enzy-
matic characterization of the matrix vesicle alkaline phosphatase
isolated from bovine fetal epiphyseal cartilage. Calcif Tissue Int
30:217-225

Sergienko EA, Millan JL (2010) High-throughput screening of
tissue-nonspecific alkaline phosphatase for identification of
effectors with diverse modes of action. Nat Protoc 5:1431-1439
Vollmayer P, Clair T, Goding JW, Sano K, Servos J, Zimmer-
mann H (2003) Hydrolysis of diadenosine polyphosphates by
nucleotide pyrophosphatases/phosphodiesterases. Eur J Biochem
270:2971-2978

@ Springer

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Crack BE, Beukers MW, McKechnie KCW, IJzerman AP, Leff P
(1994) Pharmacological analysis of ecto-ATPase inhibition:
evidence for combined enzyme inhibition and receptor antago-
nism in Px-purinoceptor ligands. Br J Pharmacol 113:1432-1438
Dowd FJ, Li LS, Zeng W (1999) Inhibition of rat parotid ecto-
ATPase activity. Arch Oral Biol 44:1055-1062

Majumder GC (1981) Enzymic characterization of ecto-adeno-
sine triphosphatase in rat epididymal intact spermatozoa.
Biochem J 195:103-110

Hicks-Berger CA, Kirley TL (2000) Expression and character-
ization of human ecto-ATPase and chimeras with CD39 ecto-
Apyrase. [IUBMB Life 50:43-50

Demenis MA, Furriel RP, Leone FA (2003) Characterization of
an ectonucleoside triphosphate diphosphohydrolase 1 activity in
alkaline phosphatase-depleted rat osseous plate membranes:
possible functional involvement in the calcification process.
Biochim Biophys Acta 1646:216-225

Fausther M, Pelletier J, Ribeiro CM, Sévigny J, Picher M (2010)
Cystic fibrosis remodels the regulation of purinergic signaling by
NTPDasel (CD39) and NTPDase3. Am J Physiol Lung Cell Mol
Physiol 298:L804-L818

Smith TM, Kirley TL (1998) Cloning, sequencing, and expres-
sion of a human brain ecto-apyrase related to both ecto-ATPase
and CD39 ecto-apyrases. Biochim Biophys Acta 1386:65-78
Knowles AF, Chiang W-C (2003) Enzymatic and transcriptional
regulation of human ecto-ATPase/E-NTPDase 2. Arch Biochem
Biophys 418:217-227

Igbal J, Vollmayer P, Braun N, Zimmermann H, Miiller CE (2005)
A capillary electrophoresis method for the characterization of
ecto-nucleoside triphosphate diphosphohydrolases (NTPDases)
and the analysis of inhibitors by in-capillary enzymatic microre-
action. Purinergic Signal 1:349-358

Munkonda MN, Kauffenstein G, Kukulski F, Lévesque SA,
Legendre C, Pelletier J, Lavoie EG, Lecka J, Sévigny J (2007)
Inhibition of human and mouse plasma membrane bound
NTPDases by P2 receptor antagonists. Biochem Pharmacol
74:1524-1534

Lévesque SA, Lavoie EG, Lecka J, Bigonnesse F, Sévigny J (2007)
Specificity of the ecto-ATPase inhibitor ARL 67156 on human and
mouse ectonucleotidases. Br J Pharmacol 152:141-150
Brunschweiger A, Igbal J, Umbach F, Scheiff AB, Munkonda
MN, Sévigny J, Knowles AF, Miiller CE (2008) Selective
nucleoside triphosphate diphosphohydrolase-2 (NTPDase2)
inhibitors: nucleotide mimetics derived from uridine-5'-carbox-
amide. ] Med Chem 51:4518-4528

Deli T, Csernoch L (2008) Extracellular ATP and cancer—an
overview with special reference to P2 purinergic receptors. Pathol
Oncol Res 14:219-231

Wen LT, Knowles AF (2003) Extracellular ATP and adenosine
induce cell apoptosis of human hepatoma Li-7A cells via the A3
adenosine receptor. Br J Pharmacol 140:1009-1018

Wang M, Ruan Y, Chen Q, Li S, Wang Q, Cai J (2011) Curcumin
induced HepG2 cell apoptosis-associated mitochondrial mem-
brane potential and intracellular free Ca®* concentration. Eur J
Pharmacol 650:41-47

Simoni D, Rizzi M, Rondanin R, Baruchello R, Marchetti P,
Invidiata FP, Labbozzetta M, Poma P, Carina V, Notarbartolo M,
Alaimo A, D’ Alessandro N (2008) Antitumor effects of curcumin
and structurally f-diketone modified analogs on multidrug
resistant cancer cells. Bioorg Med Chem Lett 18:845-849



	Inhibition of ecto-ATPase activity by curcumin in hepatocellular carcinoma HepG2 cells
	Abstract
	Introduction
	Materials and methods
	Materials
	Cell culture
	Preparation of the membrane fraction of HepG2 cells
	Measurement of ecto-nucleotidase activities
	Measurement of Na+,K+-ATPase activity
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References


