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Curcumin, the major active component of the spice
turmeric, is recognised as a safe compound with great
potential for cancer chemoprevention and cancer therapy.
It induces apoptosis, but its initiation mechanism
remains poorly understood. Curcumin has been assessed
on the human cancer cell lines, TK-10, MCF-7 and UACC-
62, and their ICsy, values were 12.16, 3.63, 4.28 pM
respectively. The possibility of this compound being a
topoisomerase II poison has also been studied and it was
found that 50 uM of curcumin is active in a similar
fashion to the antineoplastic agent etoposide. These
results point to DNA damage induced by topoisomerase
II poisoning as a possible mechanism by which curcumin
initiates apoptosis, and increase the evidence suggesting
its possible use in cancer therapy.
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INTRODUCTION

Turmeric is a bright yellow aromatic powder
obtained from the rhizome of a plant of the ginger
family (Curcuma longa, Zingiberaceae). It was
formerly used as a fabric dye for flavouring and
colouring in Asian cookery, but now is widely used
as a dietary additive in a variety of foods including
curries, saffron, mustard, gelatines, puddings, sor-
bets, ice creams, soups, meats, pickles, margarine,
and both alcoholic and non-alcoholic beverages.'
Curcumin, a yellow pigment isolated as the major
active component of turmeric, has recently acquired
the official status of a promising chemopreventive
agent® after showing safety and chemopreventive
efficacy in preclinical studies. Curcumin possesses
different pharmacological activities, such as anti-
inflammatory and antioxidative properties, but its
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anticancer propensity seems to attract the most
interest.” Many in vitro experiments have shown that
curcumin modulates many targets and pathways
involved in cancer. This anticancer activity has been
confirmed in many animal models of carcinogenesis.
Several human trials have shown that curcumin is
well tolerated and antitumor activity has also been
observed (see Ref. [4] for a review). Although the
exact mechanism underlying the antiproliferative
effect of curcumin is not clear, many recent reports
suggest that its anticancer activity may be mediated
by an apoptotic effect (see Refs. [5-10] as examples).
However, the mechanism by which curcumin
initiates apoptosis remains poorly understood.
DNA topoisomerases (topos) are essential
enzymes that govern DNA topology through
transient DNA cleavage, strand passing and religa-
tion during fundamental nuclear metabolic pro-
cesses, such as replication and transcription. Topo I
acts by forming a transient single strand break
through which the other DNA strand passes to
achieve relaxation and topo II is able to do so with
the two strands that make up duplex DNA, creating
a DNA-linked protein gate through which another
intact duplex passes.’ Topoisomerase II poisons
allow the enzyme to cut and covalently bind to DNA,
but abort the subsequent rejoining of the molecule
after relieving the torsional stress producing stabili-
zation of covalent attachments of the topoisomerase
II subunits to DNA at sites of DNA strand breaks.
Stabilization of the cleavage complexes may not be
directly cytotoxic. One attractive model that has
experimental support suggests that collision of DNA
replication forks with cleavage complexes causes the
complex to fall apart without rejoining DNA, thereby
generating lethal double strands breaks.'*'® There-
fore, exposure to topoisomerase poisons can convert
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these enzymes into DNA-breaking nucleases result-
ing in cell death, which may be mediated by an
apoptotic process. Despite the efficacy of topoiso-
merase poisons in the clinic, these drugs induce
severe toxic side effects such as myelosuppression,
nausea, hair loss, congestive heart failure and, in
some instances, increases in the risk of secondary
malignances.'* Therefore, non-toxic novel bioactive
compounds able to interfere with topoisomerases
and with the ability to spare normal cells from their
cytotoxic effects are required. In this way, it is worth
nothing that curcumin and some other polyphenols
has been reported to induce apoptosis in various
cancer cell lines but not in normal cells."*~'” With
these precedents, and as part of our research
concerning cytotoxic natural products being topo-
isomerase poisons,'®~*! we have studied the cyto-
toxicity of curcumin on three human cancer cell lines
and have evaluated its topoisomerase II poisoning
activity. Our results show that curcumin was able to
produce topoisomerase II poisoning in a similar
fashion to that obtained for the antineoplastic agent
etoposide, being topoisomerase II-mediated DNA
damage a possible apoptosis-mediated mechanism
by which curcumin exerts its antitumor effect.

MATERIALS AND METHODS

Enzymes, Nucleic Acids and Chemicals

Purified enzyme human topoisomerase II, pRYG
DNA and the positive control etoposide were
purchased from TopoGen, Inc (Columbus, OH,
USA). Proteinase K and curcumin were from Sigma
Chemical Co.

Assay for Cytotoxic Activity on Human Cancer
Cell Lines

The following three human cancer cell lines were
used in these experiments: the human renal
adenocarcinoma (TK-10), the human breast adeno-
carcinoma (MCF-7) and the human melanoma
(UACC-62) cell lines. They were kindly provided
by Dr. G, Gragg, Department of NCI, Maryland,
USA. The human tumor cytotoxicities were deter-
mined following protocols established by the
National Cancer Institute, National Institute of
Health?* TK-10, MCF-7 and UACC-62 cell lines
were cultured in RPMI 1640 medium (Bio whittaker)
containing 20% fetal calf serum, 2mM L-glutamine,
100U/ml penicillin and 100 pg/ml streptomycin.
All cell lines were maintained at 37°C in a 5% CO,
atmosphere with 95% humidity. Maintenance cul-
tures were passaged weekly, and the culture medium
was changed twice a week. According to their
growth profiles, the optimal plating densities of each

cell line was determined (15 x 103, 5 x 10° and 100 x
10° cell/well for TK-10, MCF-7 and UACC-62
respectively) to ensure exponential growth through-
out the experimental period and to ensure a linear
relationship between absorbance at 492 nm and cell
number when analysed by the SRB assay.

Testing procedure and data processing: The sulpho-
rhodamine B (SRB) assay was used in this study to
assess growth inhibition. This colorimetric assay
estimates cell number indirectly by staining total
cellular protein with the dye SRB.* For the assay,
cells were detached with 0.1% trypsin—-EDTA
(Sigma) to make single-cell suspensions, and viable
cells were counted using a Coulter counter and
diluted with medium to give final concentrations of
15x 10%, 5% 10* and 100 X 10* cells/ml for TK-10,
MCE-7 and UACC-62 respectively. Cell suspensions
(100 p1/well) were seeded in 96-well microtiter
plates and incubated to allow for cell attachment.
After 24h the cells were treated with serial
concentrations of the compounds. The compounds
were initially dissolved in 100% DMSO (10 mM) and
further diluted in medium to produce 5 concen-
trations. 100 pl/well of each concentration was
added to the plates to obtain final concentration of
107% 107°, 107% 1077 and 10 °M. The DMSO
concentration for the tested dilutions was not greater
than 0.25% (v/v), the same as in the solvent control
wells. The final volume in each well was 200 p.l.
The plates were incubated for 48 h.

Sulphorhodamine B method: After incubating for
48h, adherent cell cultures were fixed in situ by
adding 50l of cold 50% (w/v) trichloroacetic acid
(TCA) and incubating for 60min at 4°C. The
supernatant was then discarded, and the plates are
washed five times with deionized water and dried.
100 w1 of SRB solution (0.4% w/v in 1% acetic acid)
was added to each microtiter well and the culture
was incubated for 30min at room temperature.
Unbound SRB was removed by washing five times
with 1% acetic acid. The plates were then air-dried.
Bound stain was solubilized with Tris buffer, and the
optical densities measured on an automated spectro-
photometric plate reader at a single wavelength of
492 nm. Finally, ICs, values (concentrations required
to inhibit cell growth by 50%), TGI (concentration
resulting in total growth inhibition) and LCs
(concentration causing 50% of net cell killing) were
calculated in accord with previously described
protocols.”” At least three independent experiments
were conducted for each compound. Data are given
as the mean *+ SEM.

DNA Cleavage Reactions with Topoisomerase II

Cleavage topo II buffer contained 30 mM Tris—HCI
(pH 7.6), 60mM NaCl, 15mM mercaptoethanol,
8 mM MgCl, and 3mM ATP. The cleavage reaction
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TABLEI Cytotoxic effects of curcumin and etoposide on selected
human cancer cell lines

TK-10 MCF-7 UACC-62

Curcumin  ICsp 1216 = 0.31*  3.63 = 0.05* 4.28 * 0.35*
TGL 3601 £3.65 17.66 = 0.60 21.73 = 1.10
LCsy 7609 =880  97.83 = 0.80 >100

Etoposide ICsy 995 +008 087 +021 1.13+021

“Compound concentration (expressed as uM = SEM) required to inhibit
cell growth by 50% (ICsp) to produce total growth inhibition (TGI) and to
cause 50% of net cell killing (LCs).

(20 ul) contained cleavage buffer (2ul), the tested
drugs dissolved in 2pl dimethylsulfoxide/H,O
(2.5%), pPRYG DNA (0.25 pg in 1 pl of buffer), and
2 pl (4 units) of human topoisomerase II, and water
up to 20 pl. Reactions were incubated at 37°C for
30min, terminated by the addition of 2 pl SDS 10%
and 1 pl proteinase K 2mg/ml and followed by an
additional 15min incubation at 37°C. Subsequently,
the samples were extracted with chloroform: isoamyl
alcohol, and 2pl bromophenol blue was added.
Samples were loaded on 1% agarose gels and
electroforesed at 6 V/cm for 3h in Tris—acetate—
EDTA buffer. Gels were stained with ethidium
bromide and washed in water. For the quantitative
determination, videoimpresion was densitometri-
cally measured using PCBAS software. After
integration of the bands, the linear and nicked
open circle (OC) DNA forms induced by the tested
drugs were expressed as percentage of total DNA in
relation to these DNA forms obtained in the absence
of drug.

RESULTS

Five concentrations of curcumin and the positive
control etoposide, in the range 0.01-100 uM, were
assessed on the human cancer cell lines TK-10,
MCE-7 and UACC-62. Cytotoxic results are pre-
sented in Table 1. The ICs, values of curcumin were
3.63-12.16 M and etoposide from 0.87-9.95 uM.
Curcumin was studied to see if it was able to
stabilise covalent attachment of the topoisomerase II
subunits to DNA at sites of DNA strand breaks, so
generating cleavage complexes intermediates that
could be detected in agarose gels. The compound
was assayed at concentrations of 50 and 100 uM.
Etoposide was used as a positive control at a
concentration of 100 uM. The gel presented as
Figure 1 shows that curcumin was able to induced
linear and open circular DNA. Then, after staining
the gels with ethidium bromide, the linear and
nicked open circle (OC) DNA bands were densito-
metrically measured using PCBAS software. Linear
and nicked OC DNA forms were expressed as a
percentage of total DNA (Figure 2) and it could be

<+ OC
L M0 <« Lincar

FIGURE 1 DNA-topoisomerase II mediated DNA cleavage: 1.
Topo I + pRYG DNA + 50 pM curcumin. 2. Topo II + pRYG
DNA + 100 M curcumin. 3. Topo II + pRYG DNA + 100 pM
etoposide. 4. Topo II + pRYG DNA. 5. pRYG DNA. 6. Linear DNA.

observed that curcumin induced formation of both
DNA cleavage complexes at the two tested concen-
trations in a similar fashion to that observed for
etoposide, acting as a DNA topoisomerase II poison.

DISCUSSION

Curcumin (Figure 3), a widely consumed dietary
compound, is recognized as a safe compound with
great cancer chemoprevention and cancer therapy
potential. >~* Although its anticancer activity has
been reported to be mediated by many different
mechanisms of action involved in cancer initiation,
promotion, and progression,* the ability of curcumin
to induce apoptosis might be considered as one of
the most important mechanisms mediating its
anticancer effect. Likewise, evidence shows that
suppression of apoptosis by tumor-promoting
agents in preneoplastic cells is thought to be an
important mechanism in tumor promotion and,

[] Linear DNA B OCDNA
8 =
6
4
2
0
1 2 3

FIGURE 2 Percentage of topoisomerase II-mediated DNA
cleavage complexes (linear and open circular DNA) induced by
etoposide 100 uM (1), curcumin 50 uM (2) and curcumin 100 uM
(3). The percentage of DNA cleavages of topoisomerase II in
presence of these compounds was determined by gel scanning
(OC: open circular).
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therefore, apoptosis-inducing ability seems to have
become a primary factor in considering the efficiency
of chemopreventive agents. Therefore, it is hardly
surprising that there is an intense search for the
underlying mechanism by which curcumin induces
apoptosis. Many recent reports show that curcumin
can modulate different proteins involved in apopto-
sis,>~1026=30 b3t the data published about its mode of
action seems to be controversial, suggesting that
curcumin, depending on the cell fate, can influence
different pathways of cell death through different
mechanisms. Alternatively, the mechanism by which
curcumin initiates apoptosis remains poorly
understood.

Topoisomerase 1II, during fundamental nuclear
metabolic processes such as replication and trans-
cription, acts by forming a transient single or double-
strand break that, in absence of a topoisomerasse 1I
poison, would be subsequent rejoined after relieving
the torsional DNA stress. But in the presence of a
topoisomerase II poison these cleavage complexes
are stabilized generating simple and double strand
breaks that might trigger apoptosis. There are several
facts that support the view that topo II cleavable
complexes may be involved in the commitment step
of apoptotic cell death.?!

Three facts suggested that curcumin might be a
topoisomerase II poison. First, topoisomerase II-
mediated DNA damage can initiate apoptosis and
many reports have shown the ability of curcumin to
induce apoptosis. Second, curcumin is an intercalat-
ing agent with unknown clastogenic mechanism,***
and clastogenicity can arise as a result of topo II
poisoning via non-covalent chemical intercalation
into DNA. In this way, the topo II poisons etoposide
and doxorubicin are clastogenic agents.*® Finally, it is
well known that catalytic inhibitors of topo II
prevent the formation of topo Il-induced DNA
double strand breaks induced by topo II poisons,
therefore reducing their clastogenicity. Therefore, the
fact that the clastogenicity of curcumin is prevented
by three topo II catalytic inhibitors, also suggest that
curcumin is likely to be a topoisomerase poison.*®

Based on the above discussion, and after evaluat-
ing curcumin cytotoxic activity, we observed that
curcumin and etoposide had a similar cytotoxic
profile in the three human cancer cell lines tested.
Knowing that a compound is considered cytotoxic
by the National Cancer Institute (USA) (NCI) when
its ICs value is less than 4 uM, and bearing in mind
the safety profile of curcumin, the growth inhibition
by 50% produced by this dietary occuring compound
in the tested cell lines could be considered as an
interesting result. Curcumin was able to produce
total growth inhibition at concentration less than
40uM and caused 50% of net cell killing at
concentrations around 100 uM. The possibility was
considered of the involvement of topo II in its

antiproliferative response and selected concen-
trations of 50 and 100 uM were used to evaluate
curcumin as a possible topoisomerase II poison.
After completion of the experiments, the presence
and levels of linear and OC cleavage complexes
observed, suggested that curcumin is a topoiso-
merase II poison in vitro in a similar fashion to that
obtained for the antineoplastic agent etoposide since
both compounds induced a similar percent of linear
DNA. At this point it should be said that curcumin
was previously assayed by Snyder and Arnone as a
topo II poison,® on the basis of the same evidence
mentioned above which suggested that curcumin
was a topo II poison, but could not prove such
activity. They did not understand this failure to
confirm this activity, suggesting that the specific
assay conditions employed may not be suitable for
this agent.*

Since curcumin is described as a non-toxic
anticancer compound, it could be useful in combi-
nation with toxic drugs that nowadays are being
used in cancer therapy so as to reduce their toxic
effects and also because of the possible usefulness of
the combination of curcumin with other topo I
poisons since it showed a synergistic effect between
them.** This synergism has been recently applied by
Kancherla and coworkers, who have reported Phase

HO. OH

7 AN

HyCO OCHa

! o
CURCUMIN

ETOPOSIDE

FIGURE 3 Chemical structure of curcumin and etoposide.
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I data for a topotecan (topo I poison) and etoposide
combination for patients with recurrent or refractory
non-Hodgkin lymphoma.” Likewise, the synergistic
effect between topo poisons and cisplatin is well
knOWn.36/37

In conclusion, our results suggest that DNA
damage induced by topoisomerase Il poisoning is a
possible mechanism by which curcumin initiates
apoptosis. The present results, when integrated with
the broad literature available concerning curcumin
as an anticancer safe compound, suggest that it
should be borne in mind as a possible candidate not
only for cancer prevention but also for cancer
therapy. As far as the latter is concerned, we suggest
that a combination of curcumin with specific
currently used anticancer drugs might be considered
for further research.

Acknowledgements

We are most grateful to Dr. Cortés research team
(Biologia Celular, Facultad de Biologia, Universidad
de Sevilla). We thank National Cancer Institute
(NCI), USA, for the generous gift of the human
cancer cell lines used in the present investigation.
This work has been supported by the Spanish
Ministry of Science and Technology (SAF 2000-0167).

References

[1] Lin, J.K., Pan, M.H. and Lin-Shiau, S.Y. (2000) Biofactors 13,
153-158.

[2] Kelloff, G.J., Crowell, J.A., Hawk, E.T., Steele, V.E., Lubet,
R.A., Boone, C.W., Covey, ].M., Doody, L.A., Omenn, G.S.,
Greenwald, P, Hong, WK., Parkinson, D.R., Bagheri, D.,
Baxter, G.T., Blunden, M., Doeltz, M.K., Eisenhauer, K.M.,
Johnson, K., Knapp, G.G., Longfellow, D.G., Malone, W.F. and
Nayfield, J.G. (1996) ]. Cell Biochem. Suppl. 26, 54—71.

[3] Anto, RJ., George, J., Babu, K.V,, Rajasekharan, K.N. and
Kuttan, R. (1996) Mutat. Res. 370, 127-131.

[4] Aggarwal, B.B., Kumar, A. and Bharti, A. (2003) Anticancer
Res. 23, 363-398.

[5] Bielak-Zmijewska, A., Koronkiewicz, M., Skierski, J.,
Piwocka, K., Radziszewska, E. and Sikora, E. (2000) Nutr.
Cancer 38, 131-138.

[6] Chen, HW. and Huang, H.C. (1998) Br. |. Pharmacol. 124,
1029-1040.

[7] Jian, M.C., Yang-Yen, H.F,, Yen, J.J. and Lin, ] K. (1996) Nutr.
Cancer 26, 111-120.

[8] Kuo, M.L., Huang, T.S. and Lin, ].K. (1996) Biochem. Biophys.
Acta 1317, 95-100.

[9] Samara, H.S., Kelloff, G.J., Steele, V., Rao, C.V. and Reddy, B.S.
(1997) Cancer Res. 57, 1301-1305.

[10] Bharti, A.C., Donato, N., Singh, S. and Aggarwal, B.B. (2003)
Blood 101, 1053-1062.

[11] Wang, ].C. (1985) Ann. Rev. Biochem. 54, 665—697.

[12] Hsiang, Y.H., Lihou, M.G. and Liu, L.E. (1989) Cancer Res. 49,
5077-5082.

[13] Kauffman, W.K. (1998) Proc. Soc. Exp. Biol. Med. 217, 327-334.

[14] Chen, A.Y. and Liu, L.F. (1994) Annu. Rev. Pharmacol. Toxicol.
34, 191-218.

[15] Ahmad, N., Feyes, D.K., Nieminen, A.L., Agarwal, R. and
Mukhtar, H. (1997) J. Natl Cancer Inst. 89, 1881-1886.

[16] Clement, M.V,, Hirpa, J.L., Chawdhury, S.H. and Pervaiz, S.
(1998) Blood 92, 996-1002.

[17] Inoue, M., Suzuki, R., Koide, T., Sakaguchi, N., Ogihara, Y.
and Yabu, Y. (1994) Biochem. Biophys. Res. Commun. 204,
898-904.

[18] Martin-Cordero, C., Lopez-Lazaro, M., Pifiero, J., Cortés, F.
and Ayuso, M.J. (2000) J. Enz. Inhib. 15, 455-460.

[19] Lépez-Lazaro, M., Martin-Cordero, C. and Ayuso, M.J. (2000)
Z. Naturforch 55, 898-902.

[20] Lépez-Lazaro, M., Martin-Cordero, C., Toro, M.V. and Ayuso,
M.]. (2002) J. Enz. Inhib. Med. Chem. 17, 25-29.

[21] Loépez-Lazaro, M., Martin-Cordero, C., Bermejo, A., Cortes, D.
and Ayuso, M.J. (2001) Anticancer Res. 21, 3493-3498.

[22] Monks, A., Scudiero, D., Skehan, P., Shoemaker, R., Paull, K.,
Vistica, D., Hose, C., Langley, J., Cronise, P., Vaigro-Wolff, A.,
Gray-Goodrich, M., Campbell, H., Mayo, ]. and Boyd, M.
(1991) J. Natl Cancer Inst. 83, 757-766.

[23] Ammon, H.P. and Wahl, M. A. (1991) Planta Med. 57, 1-7.

[24] Cheng, AL., Hsu, C.H,, Lin, ].K.,, Hsu, M.M., Ho, Y.E, Shen,
TS., Ko, ].Y, Lin, ].T,, Lin, B.R., Ming-Shiang, W., Yu, H.S,, Jee,
S.H., Chen, G.S., Chen, TM., Chen, C.A., Lai, M.L., Pu, Y.,
Pan, M.H., Wang, Y]J., Tsai, C.C. and Hsieh, C.Y. (2001)
Anticancer Res. 21, 2895-2900.

[25] Sharma, R.A., McLelland, H.R., Hill, K.A., Ireson, C.R.,
Euden, S.A., Manson, M.M., Pirmohamed, M., Marnett, L.].,
Gesher, AJ. and Steward, W.P. (2001) Clin. Cancer Res. 7,
1894-1900.

[26] Piwocka, K., Zablocki, K., Wieckowski, M.R., Skierski, J.,
Feiga, I, Szopa, J., Drela, N., Wojtczak, L. and Sikora, E. (1999)
Exp. Cell Res. 249, 299-307.

[27] Sikora, E., Bielak-Zmijewska, A., Piwocka, K., Skierski, J. and
Radziszcwska, E. (1997) Biochem. Pharmacol. 54, 899—-907.

[28] Anto, R.B., Mukhopadhyay, A., Denning, K. and Aggarwal,
B.B. (2002) Carcinogenesis 23, 143—150.

[29] Bush, J.A., Cheung, K.J.J. and Li, G. (2001) Exp. Cell. Res. 271,
305-314.

[30] Pal, S., Choudhuri, T., Chattopadhyay, S., Bhattacharya, A.,
Datta, G.K., Das, T. and Sa, G. (2001) Biochem. Biophys. Res.
Commun. 288, 658—665.

[31] Li, TK. and Liu, L.F. (2001) Annu. Rev. Pharmacol. Toxicol. 41,
53-77.

[32] Araujo, M.C.P, Dias, ED.L., Kronka, S.N. and Takahashi, C.S.
(1999) Genetics Mol. Biol. 22, 407-413.

[33] Snyder, R.D. and Arnone, M.R. (2002) Mutat. Res. 503, 21-23.

[34] Cortés, F. and Pifiero, J. (1994) Cancer Chemother. Pharmacol. 34,
411-415.

[35] Kancherla, R.R., Nair, J.S., Ahmed, T., Durrani, H., Seiter, K.,
Mannancheril, A. and Tse-Dinh, Y.C. (2001) Cancer 91,
463-471.

[36] Meczes, E.L., Pearson, A.D., Austin, C.A. and Tilby, M.J.
(2002) Br. J. Cancer 86, 485—489.

[37] Noda, K., Nishiwaki, Y., Kawahara, M., Negoro, S., Sugiura,
T., Yokoyama, A., Fukuoka, M., Mori, K., Watanabe, K.,
Tamura, T., Yamamoto, S. and Saijo, N. (2002) N. Engl. ]. Med.
346, 85-91.



