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Curcumin (diferuloylmethane), the major yellow pigment
in turmeric, has been shown to inhibit benzof]pyrene
(BaP)-induced forestomach cancer in mice through
mechanism(s) not fully understood. It is well known that
while cytochrome P4501A1 (CYP1Al) and epoxide
hydrolase (EH) are important in the conversion of BaP to its
activated form, (+)-anti-7,8-dihydroxy-9,10-oxy-7,8,9,10-
tetrahydrobenzo[a]pyrene [(+)-anti-BaPDE], the detoxi-
fication of (+)-anti-BaPDE is accomplished by glutathione
(GSH) Stransferases (GST). Therefore, it seems reasonable
to postulate that curcumin may exert anti-carcinogenic
activity either by inhibiting activation of BaP or (and) by
enhancing the detoxification of @ )-anti-BaPDE. Adminis-
tration p.o. of 2% curcumin in the diet to female A/J mice
for 14 days, which has been shown to cause a significant
inhibition in BaP-induced forestomach tumorigenesis,
resulted in a modest but statistically significant reduction
in hepatic ethoxyresorufin O-deethylase (EROD) activity,
a reaction preferentially catalyzed by CYP1Al. While
EROD activity could not be detected in the forestomach of
either control or treated mice, curcumin feeding caused a
statistically significant increase (~2.3-fold) in hepatic EH
and GST activities. Hepatic and forestomach GSH levels,
and forestomach EH and GST activities were not affected
by curcumin treatment. Even though the levels of various
hepatic GST isoenzymes were significantly increased upon
curcumin feeding, maximum induction was noticed for the
pi class isoenzyme (mGSTP1-1), which among murine
hepatic GSTs is highly efficient in the detoxification of & )-
anti-BaPDE. In conclusion, the results of the present study
suggest that curcumin may inhibit BaP-induced fore-
stomach cancer in mice by affecting both activation as well
as inactivation pathways of BaP metabolism in the liver.

Introduction

in A/J mice,N-ethyl-N’-nitro-N-nitrosoguanidine-induced duo-
denal tumorigenesis in C57BL/6 mice and azoxymethane-
induced colon carcinogenesis in CF-1 mice (3-5). For example,
feeding 2% commercial grade curcumin in the diet has been
shown to reduce the number of BaP-induced forestomach
tumors per mouse by ~51 and 67% when administered during
the initiation and post-initiation periods, respectively (4).
However, the mechanism(s) by which dietary curcumin pre-
vents BaP-induced forestomach tumorigenesis in mice is not
clear.

It is well established that BaP requires metabolic activation,
mediated by cytochrome P450 (CYP) dependent monooxygen-
ases, for the generation of its ultimate carcinoger);dnti-7,8-
dihydroxy-9,10-oxy-7,8,9,10-tetrahydrobendjpyrene [(+)-
anti-BaPDE] (6—10). Covalent interaction of-J-anti-BaPDE
with nucleophilic sites in DNA is a critical event in BaP-
induced tumorigenesis (11). Several different mechanisms exist
that can convert {)-anti-BaPDE to less harmful species,
and thus protect DNA (12-17). These mechanisms include
spontaneous hydrolysis to tetrols and keto diols, non-enzymatic
as well as enzymatic metabolism to triols and triol epoxides,
hydration by epoxide hydrolase (EH) and glutathione (GSH)
Stransferase (GST)-catalyzed conjugation with GSH (12-17).
In addition, certain plant phenols, such as ellagic acid, have
been shown to inhibit mutagenic and carcinogenic effects of
anti-BaPDE through direct interaction with this diol epoxide
(18,19). Since BaPDE is a poor substrate for EH (20), the
most important mechanism of BaPDE inactivation seems to
be its conjugation with GSH. Thus, it has been shown that, in
the presence of GSH, both rat liver cytosol and purified rat
liver GST isoenzymes reduce the binding of BaPDE to
DNA (21).

It seems reasonable to hypothesize that curcumin may inhibit
BaP-induced forestomach tumorigenesis in mice either by
inhibiting the activation of BaP or (and) by enhancing the
detoxification of (+)-anti-BaPDE in the liver (the main detoxi-
fication site) and/or in the target organ (forestomach). In the
present study, we have tested this hypothesis by determining
the effects of curcumin feeding on the activities of the enzymes
of BaP activation/inactivation pathways in the liver and fore-
stomach of female A/J mice. The results of the present
study suggest that dietary curcumin may inhibit BaP-induced
forestomach tumorigenesis in mice by reducing the activation
of BaP as well as by increasing the detoxification -6)-anti-

Curcumin (diferuloylmethane), the major yellow pigment in BaPDE in the liver.
turmeric, curry etc., is known to possess anti-oxidative an%aterials and methods
anti-inflammatory properties (1,2). In addition, curcumin has ,

been shown to prevent chemically induced cancers in severijaterials

different animal tumor bioassay systems, including inhibition
of benzof]pyrene (BaP*)-induced forestomach tumorigenesi

*Abbreviations: BaP, benzaflpyrene; BaPDE, 7,8-dihydroxy-9,10-oxy-7,8,9,
10-tetrahydrobenza]pyrene; CDNB, 1-chloro-2,4-dinitrobenzene; CYP1A1,
cytochrome P4501A1; EH, epoxide hydrolase; EROD, ethoxyresofD{in
deethylase; GSH, glutathione; GST, glutathi@ansferase.
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Female A/J mice (8 weeks old) were purchased from the National Cancer
Institute, Frederick Cancer Research and Development Center, Frederick, MD.

Scommercial grade curcumin was procured from Kalsec (Kalamazoo, Ml).

AIN-76 semi-purified diet was obtained from ICN Biomedicals (Aurora, OH).
All other reagents were of highest purity available.

Animal treatment

Previous studies have shown that administration p.o. of 2% commercial grade
curcumin in the diet for 14 days causes a significant reduction in the number
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of BaP-induced forestomach tumors in mice (4). In the present study, a similac

protocol was used for curcumin administration to elucidate the mechanism ofpie |. Effect of curcumin feeding on hepatic and forestomach
inhibition of BaP-induced tumorigenesis in mice by this phytOChem'Cal-ethoxyresorufirO—deethyIase and epoxide hydrolase activities
Briefly, the mice were fed AIN-76 diet for 5 days and then divided into two

groups. The experimental group of mice were given 2% commercial grad‘Enzyme Group Enzyme activity
curcumin in the AIN-76 diet and watexd libitum whereas the control mice (nmoi/min/mg protein)
were given AIN-76 diet without curcumin supplementation and wagr
libitum. The mice were killed 2 weeks after the start of curcumin feeding. Liver Forestomach
The liver and forestomach tissues were removed, washed thoroughly with ice=
cold phosphate buffered saline and stored at —80°C until used. EthoxyresorufinO-deethylase  Control 0.04 0.0 NDP

; ; ; : Curcumin-fed  0.03+ 0.0I° ND
Prepa_lranon of microsomal and cytqsollc_ fr_actlons _ Eé)oxide hydrolase Control 19r 017 0.47+ 010
The tissue samples were homogenized in ice-cold 0.1 M potassium phosphat Curcumin-fed 4.4 + 0.56 0.47+ 0.05

buffer, pH 7.4, using a Polytron. The homogenate was centrifuged at500
for 10 min to remove nuclear debris, and the supernatant fraction waspaia represent means SD of values from the liver or forestomach tissues
centrifuged at 10 000 g for 15 min to remove mitochondria. The supernatants four mice.

thus obtained was centrifuged at 100 0§@or 1 h. The microsomal pellet bBND, not detected, limit of detection 0.02 nmol.

was resuspended in 0.1 M potassium phosphate buffer, pH 7.4, Contai”in%ignificantly different from controlP < 0.05.

10 MM DTT, 10 mM EDTA and 20% (v/v) glycerol (buffer A) and centrifuged
again for 1 h at 100 008. The microsomal pellet was resuspended in buffer
A and used for the measurement of EROD and EH activities. The supernatant

fraction was used for the determination of GSH levels and GST activity. ~ Table Il. Effect of curcumin feeding on hepatic and forestomach
glutathione level and glutathior@transferase activity toward CDNB

Enzyme assays

The EROD activity was determined by monitoring the formation of resorufin Group Glutathione level Glutathior@transferase
from 7-ethoxyresorufin in the presence of microsomal protein according to (nmol/mg protein) activity (nmol/min/mg

the method described by Pohl and Fouts (22) with some modifications. Briefly, protein)

the reaction mixture in a total volume of 1.25 ml contained 0.1 M Hepes ) -

buffer (pH 7.8), 5 mM glucose 6-phosphate U of glucose 6-phosphate Liver Forestomach  Liver Forestomach
dehydrogenase, 5 mM MgS$01.6 mg/ml bovine serum albumin, gM

7-ethoxyresorufin and 100g of microsomal protein. The reaction mixture Control 87x 11719+ 5 470x 22  470x 120
was pre-incubated for 5 min at 37°C, and the reaction was initiated by additiofeurcumin-fed 102 9 26+ 5 1100+ 180° 450 = 81

of 2 uM NADPH. The reaction mixture was incubated for 15 min at 37°C. - -
The EROD activity was determined as a function of varying microsomal®Data represent means SD of values from the liver or forestomach tissues
protein concentration and incubation time to optimize the assay conditionsof four mice.

Blanks without NADPH were incubated similarly. The reaction was terminated Significantly different from controlP < 0.05.

by mixing with 2.5 ml of methanol. The mixture was centrifuged at 12 §00

for 15 min, and the fluorescence of the supernatant was measured at 586 r{@0% acetonitrile/0.1% trifluoroacetic acid). The GST isoenzymes were eluted
in a Shimadzu RF 5000U spectrofluorimeter using an excitation wavelengthvith a 30-min linear gradient of 39-69% solvent Il at a column flow rate of
of 522 nm. A standard curve of resorufin (0.02-0.4 nmol) was generated td ml/min. The GST subunits were identified on the basis of their elution
quantitate its formation from 7-ethoxyresorufin in the presence of microsomaprofiles during reverse-phase HPLC analysis (27). Each GST subunit was
protein. The microsomal EH was assayed according to the method describéiantitated by using standard curve for the respective subunit (27).

by Guenthneret al. (23). Briefly, the reaction mixture in a final volume of

0.5 ml contained 50 mM Tris—HCI, pH 9.0, 75 nmdH]BaP-4,5-oxide (sp. Results and discussion

act. 3.1uCi/umol) and 200ug of the microsomal protein. The samples were . . . .
incubated for 5 min at 37°C, and the reaction mixture was extracted withiCytochrome P450, in particular 1Al isoform (CYP1Al), is
3.5 ml light petroleum and 0.5 ml dimethylsulfoxide. The EH activity was believed to play an important role in the conversion of BaP to

determined as a function of varying microsomal protein concentration angis yltimate carcinogenic metabolitetI—anti-BaPDE (6—8) In
incubation time to optimize the assay conditions. The samples were extracte e s : ; X
twice more with 3.5 ml light petroleum. The diol product in the aqueousgddltlon' CYP1A1 is important in the metabolism of BaP to less

phase was extracted into 1 ml ethyl acetate. The ethyl acetate layer, containif§active/inactive phenolic metabolites, such as 3-hydroxy-BaP
tritiated diol product, was assayed for radioactivity by liquid scintillation (6—8). The effects of curcumin feeding on CYP1AL1 levels were
counting. GSH level and GST activity were determined by the methods ogssessed by determining EROD activity, a reaction preferentially
Beutleret al. (24) and Habiget al. (25), respectively. Protein was determined Catalyzed by CYP1A1. in the microsomes prepared from the
by the Bradford method (26). Statistical significance of differences in enzymei. f | and ! in-fed mi h . bl
activities between control and treated groups was assessed by Sttidest’s ISSues o cont_rc_) and curcumin-ie mlce‘. As shown in Table I,
Effects of curcumin feeding on the levels of hepatic and forestomach GSTs the EROD activity COUId not be.deteCted in the forestomach (.)f
. , : either control or curcumin-fed mice. Onthe other hand, curcumin
The effects of curcumin feeding on the levels of hepatic and forestomac . L. L .
GSTs were determined by using a protocol described by us previously (273eedmg caused a modest but statlst|qally S|gn|f|cant.reduct|on
which involves GSH-affinity chromatography followed by reverse-phase(~25%,P < 0.05 control versus curcumin-fed) in hepatic EROD
HPLC. Briefly, equal amounts (0.25 g) of liver or forestomach tissues fromactivity (Table I).
control and curcumin-fed mice were homogenized in 10 mM potassium EH is another microsomal enzyme that plays an important

phosphate buffer, pH 7.0, containing 1.4 mM 2-mercaptoethanol. The homo- . . L .
genate was centrifuged at 14 0§0or 40 min, and the supernatant fraction role in the bioactivation of BaP (8’14)' The effects of the dletary

was dialyzed against 22 mM potassium phosphate buffer, pH 7.0, containingUrcumin on EH levels were a-ssessed_ by measuring the enzyme
1.4 mM 2-mercaptoethanol. The dialyzed supernatant was subjected to GStctivity toward BaP-4,5-oxide in the microsomes prepared from
linked to epoxy activated Sepharose 6B affinity chromatography to isolat¢he liver and forestomach tissues of control and curcumin-fed
total GST. GSH-affinity chromatography was performed by the method Ofmice and the results are summarized in Table | Feeding curcu-
Simons and Vander Jagt (28), with some maodifications described by us .~ '. L ;

previously (29). The GSTs retained on the affinity column were eluted b n d'?' nOt alte( forestomach EH activity. On th.e Othe_r hand,
using equal volumes of the elution buffer (5 mM GSH in 50 mM Tris—HCI,” EH activity was increased by ~2.3-fol& < 0.05) in the liver

pH 9.6, containing 1.4 mM 2-mercaptoethanol). Individual GST isoenzymesof curcumin-fed mice compared with the control.

were separated and quantitated by reverse-phase HPLC analyses of equalThe effects of curcumin feeding on hepatic and forestomach

volumes of affinity purified GST preparations from tissues of control and - . .
curcumin-fed mice. A Waters Delta-Pak;{reverse-phase column (150 GSH levels and GST activities, which play an important role

3.9 mm) was used for HPLC analysis. The column was pre-equilibrated witdn Cellular d_etoxification of {)-anti-BaPDE (1_5—17_)1 were
61% solvent | (5% acetonitrile/0.1% trifluoroacetic acid) and 39% solvent llalso determined and the results are summarized in Table II.
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While hepatic GST activity was increased significantly (~2.3
fold, P < 0.05) on curcumin administration, such a treatmentTable Ill. Effects of curcumin feeding on the levels of predominant hepatic
did not alter GSH levels in the liver. On the other hand,and forestomach glutathioritransferase isoenzymes
forestomaqh GSI—_| level and GST activity were not affecteo\soenzyme (class) Glutathiorstransferase content
by curcumin feeding (Table II). (1g/g wet tissue)

The cytosolic GST activity in mammalian tissues is because

of multiple isoenzymes, which, on the basis of their structural Control Curcumin-fed  Ratf

and catalytic properties, can be grouped into four known majoyyer

classes, alpha, mu, pi and theta (30-32). Previous studies frommGSTA3-3 (alpha) 224 55° 312 + 16° 1.4

our laboratory have shown that90% of total GST activity mgghpﬂll-ll((ﬂ])u) 5343_{ é(li %ggf 2°5C ig

in the I|ver.of female A/J mice is accounted for by four 220" (alpha) 17 4 23+ 1 12

isoenzymes: mGSTA3-3 (alpha class), mGSTP1-1 (pi classkyestomach

MGSTM1-1 (mu class) and mGSTA4-4 (alpha class) (27). Like mGSTA1-2 (alpha) 8 3 5+2 0.6

liver, four isoenzymes, mGSTA1-2 (alpha class), mGSTP1-1, mGSTP1-1 (pi) 112+ 8 123+ 8 11

MGSTM1-1 and mGSTA4-4, constitute90% of total GST ~ MGSTMI-1 (mu) 178 122> 13 1.0
MGSTA4-4 (alpha) 70 3 75+ 3 11

activity in the forestomach of A/J mice (27). An interesting
feature of GST system is that the members of alpha, mu angkatio of GST content in tissues of curcumin-fed mice/control mice.
pi classes of isoenzymes exhibit overlapping yet distinctData represent means SD of values from the liver of four mice.
substrate specificities (30,31). For example, kinetic studie&Significantly different from controlP < 0.05.
with purified human and rat GST isoenzymes have clearly
shown that the pi class isoenzyme is relatively more efficientiscrepancy between our results (present study) and those of
than other classes of GSTs in the GSH conjugatiorartf-  previous studies (34,35) remains to be clarified, the observed
BaPDE (15,16). More recently, we have demonstrated that theifferences may be linked to differential metabolism of curcu-
pi class isoenzyme plays a major role in hepatic detoxificationmin betweerin vitro andin vivo systems. Since GSTs play an
of (+)-anti-BaPDE in mice (33). important role in the detoxification of)-anti-BaPDE (15—
Table Il summarizes the effects of curcumin feeding on thel7,21), our results suggest that enhanced inactivation of the
levels of various hepatic and forestomach GSTs. Even thougtltimate carcinogen of BaP may be another mechanism by
curcumin feeding caused a statistically significant increase imvhich dietary curcumin inhibits BaP-induced cancer in mice.
the levels of each hepatic isoenzyme, maximum induction was It is interesting to note that curcumin administration does
observed for the pi class isoenzyme (MGSTP1-1). In agreemenbt alter GST activity in the target organ (forestomach), and
with the results of the GST activity determinations, the levelsthus hepatic modulation of GST activity may be crucial in anti-
of forestomach GST isoenzymes were not altered by curcumineoplastic effect of this phytochemical against BaP-induced
feeding (Table III). forestomach cancer in mice. In this regard, curcumin seems
The results of the present study indicate that administrationo behave differently from certain other naturally occurring
p.o. of commercial grade curcumin in the diet causes a modesthibitors of BaP-induced cancer. For example, we have shown
but statistically significant reduction in the hepatic EROD previously that the organosulfur compounds from garlic, which
(CYP1A1) activity. Since CYP1A1 plays an important role in are potent inhibitors of BaP-induced forestomach cancer in
the bioactivation of BaP (6-8), it seems reasonable to postulataice (36), significantly increase GST activity not only in the
that curcumin may, at least in part, inhibit BaP-induced canceliver but also in the forestomach of A/J mice (37,38).
in mice by reducing the conversion of BaP to)¢anti-BaPDE, Recent studies from our laboratory have shown that the
and subsequently inhibiting the formation of BaPDE-DNA GST isoenzymes of the liver and forestomach of female A/J
adducts. On the other hand, curcumin-mediated reduction imice significantly differ in their catalytic efficiency, and
hepatic EROD (CYP1A1) activityislikely to inhibitthe metabol- consequently relative contribution in the GSH conjugation of
ism of BaP to less reactive/inactive metabolites, which may alsanti-BaPDE (17,33). Our studies reveal that while pi class
affect the extent of BaP-DNA adduction. In this regard, it isisoenzyme mGSTP1-1 plays a key role in the hepatic GSH
important to point out that topical application of curcumin to conjugation ofanti-BaPDE, mGSTP1-1 as well as an alpha
mice 5 min prior to the application of BaP has been shown talass isoenzyme (MGSTAL1-2) are important in the detoxifica-
significantly inhibit the formation of3H]BaP-DNA adduct in  tion of this diol epoxide in the forestomach of female A/J
the epidermis (5). However, whether or not dietary curcumirmice (17,33). For example, in liver, the contribution of pi class
reduces the formation of BaP—DNA adduct(s) remains to bésoenzyme mGSTP1-1 in the GSH conjugatioranfi-BaPDE
investigated. Studies are also needed to determine if reductidr79%) far exceeds the combined contribution of other classes
in hepatic EROD activity by curcumin feeding results from theof GST isoenzymes (33). In forestomach, however, the contri-
declineinthe level of CYP1A1 protein oris because of inhibitionbution of mGSTP1-1 in the detoxification ahti-BaPDE is
of the catalytic activity of this enzyme. In this regard, it is more or less comparable with that of mMGSTA1-2 (33). It is
important to point out that curcumin has been shown to be @mportant to mention that an isoenzyme corresponding to
potent inhibitorin vitro of rat liver CYP1A1 (34). mMGSTAL-2 could not be detected in the liver of female A/J
Previous studies by Oetast al. (34) have shown that mouse (27). The results of the present study indicate that
curcumin is also a potent inhibitan vitro of GST activity. even though the levels of each hepatic GST isoenzyme
Inhibition of GST activity by curcumin has also been observedare significantly increased upon curcumin feeding, maximum
by van lerselet al. (35) in a human IGR-39 melanoma cell induction is observed for the pi class isoenzyme. On the
line. The results of the present study reveal that administrationther hand, none of the forestomach GST isoenzymes was
p.o. of curcumin causes a statistically significant increase, natignificantly induced upon curcumin feeding.
reduction, in hepatic GST activity. Even though the reason for In conclusion, our results suggest that curcumin may inhibit
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BaP-induced forestomach cancer in mice, not only by inhibiting mutagenicity of bay-region diol epoxides of polycyclic aromatic

P : : ., hydrocarbons by naturally occurring plant phenols: Exceptional activity of
the activation of BaP through reduction of hepatic EROD activ eilagic acidProc. Natl Acad Sci USA 79, 5513-5517.

ity, but also by enhancing the detoxification afti-BaPDE  19.chang,R.L., Huang,M.-T., Wood,AW. Wong,C.-Q., Newmark,H.L.,
through induction of hepatic GSTs, piclassisoenzymein particu- Yagi,H., Sayer,J.M., Jerina,D.M. and Conney,A.H. (1985) Effect of ellagic

; ; ro acid and hydroxylated flavonoids on the tumorigenicity of bealpyfrene
lar. Hov_ve_ver, the m.eChanlsm ‘?f.th.e t|s§ue spep|f|0|ty of the and ()-7B,80-dihydroxy-3x,100-epoxy-7,8,9,10-tetrahydrobenad{
C_:;!r%umm in modulating GST activity in mice remains to be cla-  pyrene on'mouse skin and in the newborn mo@secinogenesiss, 1127—
ririea. 1133.
20.Gozukara,E.M., Belvedere,G., Robinson,R.C., Deutsch,J., Coon,M.J.,
Guengerich,F.P. and Gelboin,H.V. (1981) The effect of epoxide hydratase
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