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Abstract

Curcumin, the yellow pigment found in turmeric, has
potent chemopreventative properties towards cancer in
both in vivo and in vitro models. Phase | cytochrome P450
(CYP) enzymes and phase Il conjugation enzymes play a
critical role in carcinogen metabolism and hence could be
an important target for cancer chemoprevention and
treatment. Various studies have been undertaken to
evaluate the effects of curcumin on the activity of phase |
and phase Il enzymes. Phase | enzymes are
functionalization enzymes and Phase Il enzymes perform
conjugative reactions. This review summarizes the studies
on curcumin modulation of phase | and Il activities in the
last decade. Various studies have shown that curcumin
inhibits the activity of different CYPs including CYP1Al
and CYP1B1 CYP1Al, CYP1A2, CYP2A6, CYP3A4,
CYP2B1 and CYP2EL1 in vitro and in vivo. However, a few
studies have also reported the induction of CYPs.
Curcumin also modulates the activity of phase Il enzymes.
Phase Il enzymes have attracted much less attention than
CYPs, especially in clinical pharmacology. Most studies
focus on the inhibition or induction of glutthione S-
transferase (GST). Also modulating of sulfotransferases
(SULTs) and glucuronosyltransferases (UGTs) has been
reported. However, more studies in humans following oral
adminstration of curcumin are required in order to fully
elucidate the potential for curcumin to be used as an
effective potential chemopreventative.
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l. Introduction

Curcumin (diferuloylmethane), a
polyphenol phytochemical extracted from
the plant Curcuma longa, is a yellow
pigment and widely used in cooking and in
the preparation of traditional medicines in
Southeast Asia, China and India.
Commercially available curcumin,
collectively called curcuminoids, is
generally composed of about 77%
curcumin, 17% demethoxycurcumin, and 3%
bisdemethoxycurcumin (Figure 1). In
recent years, curcumin has emerged as a
compound  with  multiple  biologic
properties for health maintenance and
cancer prevention. It has been reported that
curcumin is able to inhibit the cellular
transformation, proliferation, invasion,

angiogenesis and metastasis of tumors (1,
2). Curcumin has also shown antioxidant,
anti-inflammatory  and  antimicrobial
activities as well as chemopreventive and
therapeutic potential against a wide variety
of cancers including leukemia, lymphoma,
melanoma, and sarcoma, as well as gastric,
colon, pancreatic, breast, prostate, ovarian,
cervical, lung, hepatic, and neurological
cancers (2-6). Due to its lack of toxicity in
humans, low molecular weight and
affordability, curcumin is an ideal
candidate for use as a chemopreventative
agent. It has been suggested that
curcumin’s chemopreventative action 1is
also related to the modulation of the
activities of drug metabolizing enzymes,
both phase | cytochrome P450 (CYP) and
phase Il conjugation enzymes.
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Figure 1. Chemical structures of curcuimoids
CYP enzymes, a heme containing lipophilic  xenobiotics via oxidative

superfamily of mono-oxygenases, play a
critical role in modulating the phase |
metabolism of various drugs and other

biotransformation such as hydroxylation,
epoxidation, or heteroatom oxidation (7-9).
CYPs have been identified both in rodent
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and human tissues and 18 families and 44
subfamilies of CYPs have been identified
and categorized according to amino acid
sequence similarity (9). It has been
reported that 11 families of CYPs -
CYP1A2, CYP2AG6, CYP2BS,
CYP2C8/9/18/19, CYP2D6, CYP2E1, and
CYP3A4/5- are expressed in the human
liver with five of them (CYPs 1A2, 2C9,
2C19, 2D6 and 3A4) mediating 95% of
drug metabolism (10, 11). In addition,
CYPs are also found in the small intestine,
lung, kidney, brain, adrenal gland, gonads,
heart, nasal and tracheal mucosa, and skin
(12). Drug treatment can cause CYP
enzyme inhibition or CYP enzyme
induction. Inhibition or induction of CYP
enzymes may lead to an increase or
decrease of drug plasma level resulting in
toxicity or adverse reactions (13). Many
drugs are metabolized by CYP oxidation
followed by conjugation. Phase Il
conjugation enzymes include a set of
transferase enzymes: uridine-diphosphate-
glucuronosyltransferases (UGTys),
sulfotransferases (SULTS), glutathione S-
transferases (GSTs), N-acetyltransferases
(NATs), methyltransferases, catechol O-
methyl  transferase = (COMT)  and
acyltransferases (14). These enzymes
perform conjugative reactions including
glucuronidation, sulfation, methylation,
acetylation, glutathione and amino acid
conjugation and thus conjugate a wide
variety of chemical structures (15).
Therefore, the resulted conjugated
metabolites with more hydrophilic and
polar properties are efficiently excreted
from the body. Although bioactivation of
xenobiotics by phase Il enzymes most
often result in detoxifying of xenobiotics,
toxic metabolites and adverse effects can
also occur (16). Phase | and Il enzymes

3

have been observed to play an important
role in carcinogen metabolism and hence
could be an important target for
chemoprevention.  Curcumin  exhibits
chemopreventive efficacy via modulating
the transcriptional regulators of phase |
and phase Il enzymes in various
experimental models.

I1. Modulation effects of curcumin on
Phase I and Il enzymes

1. Effects of curcumin on phase |
metabolizing enzymes

Curcumin was found to inhibit the
CYP1Al and CYP1B1 induced by 2,3,7,8-
tetrachlorodibenzop-dioxin (TCDD) via its
modulatory effects on both the aryl
hydrocarbon receptor (AhR) and AhR
nuclear translocator (ARNT) in vitro (17).
CYP1Al and CYP1B1 were reported to
produce quinine containing 2- or 4-
hydroxyestradiol by hydroxylation of 17-
B-estradiol, and quinine is classified as a
tumor initiator (18). It was observed that
curcumin inhibited CYP1Al and CYP1B1
induced by TCDD in Hep3B and MCF7
cell lines. Western blotting analysis
indicated that 250 pM of TCDD induced
CYP1A1 and CYP1B1 in both cell lines,
specifically a significant increase of
CYP1Al in MCF7 cells and CYP1BL1 in
Hep3B cells. Furthermore, after treatment
with 20 pM of curcumin for 24 h, the
TCDD-induced protein expression and
mRNA levels of CYP1Al and CYP1B1
was significantly decreased (17). This
suggests that curcumin was able to supress
CYP1Al induction by preventing AhR
binding to its response element.

Curcumin has been reported to decrease
aflatoxin Bl (AFB1) toxicity by
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modulating CYP450 activities (19). AFB1
treatment in male broilers for 2 weeks
induced the activity of CYP1ALl (270.6%),
CYP1A2 (99.4%), CYP2A6 (184.5%), and
CYP3A4 (29.2%) compared to liver
microsomes from control chickens (20).
However, dietary AFB1 and curcumin co-
administration in male broilers for the
same period resulted in a significant
inhibition on the above CYP450 isozyme
activities by 37, 43, 48 and 35% for
CYP1Al, CYP1A2, CYP2A6, and
CYP3A4, respectively, compared to the
AFB1 treated group alone (20). Since
CYP450 isozymes are crucial for the
bioactivation of AFB1 to highly toxic
epoxide metabolites, this result suggested
that dietary curcumin has the potential to
decrease AFB1-induced liver injury. The
over expression of CYP2A6 has been
correlated with a greater risk of liver
cancer, cirrhosis and chronic inflammation
(21). A similar study on CYP2A6 also
indicated its relation to bioactivation of
AFB1 and the biotransformation of AFB1
into AFBO (22). Speficially, Arbor Acres
broilers were fed dietary AFB1 (5 mg/kg)
for 28 days and a significant increase in
CYP2A6 compared to control was
observed. However, the broiler group
treated with curcumin (150, 350 and 450
mg/kg) and AFB1 (5 mg/kg) exhibited a
decrease in CYP2A6 compared to the
AFB1 fed group with a maximum
inhibition of liver CYP2A6 enzyme
activity by 450 mg/kg of curcumin. Since
curcumin treatment inhibited CYP2A6 at
the mRNA and protein levels in AFB1
treated broilers in a dose-dependent
manner, this study indicates that curcumin
protects the liver from AFBL1 toxicity (22).
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It was concluded that the extent of CYP
inhibition was concentration-dependent
with higher concentrations of curcumin
resulting in greater suppression of the
enzyme activities. For example, another
study reported that curcumin (2-120 pM)
was able to effectively inhibit human
CYP3A4, CYP1lA2, CYP2C9 and
CYP2D6 (23). It should be noted that

CYP1A2, CYP2C9, CYP2D6, and
CYP3A4 collectively mediate
approximately 70% of 95% of drug

metabolism (24). The results indicated that
curcumin is a strong inhibitor of CYP2C9
and CYP3A4 as the activity of CYP3A4
was completely supressed under the
curcumin concentrations 2 60 pM, while
that of CYP2C9 was inhibited more than
70% with the curcumin concentrations 2
90 uM (23). It was less effective against
CYP1A2 and CYP2D6, as the inhibition
was approximately 50% for CYP1A2 and
CYP2D6 at 120 puM of curcumin (23).

Curcumin was also reported to inhibit the
carcinogen- and solvent-induced activities
of other CYPs in vivo. A study in male
Swiss albino mice showed that dietary
curcumin (0.01% and 0.05%) significantly
inhibited phenobarbital (PB)- and acetone-
induced hepatic CYP2B1 by 26-32% and
hepatic CYP2E1 by 12-39% (25).
Moreover, immunoblotting and RT-PCR
analysis indicated that dietary curcumin
(0.01% and 0.05%) significantly inhibited
PB-induced CYP2B1 protein expression
by 21-32% and mRNA level by 33-62%,
as well as acetone-induced CYP2E1
protein expression by 11-40% in mouse
liver (25). As CYP2B1 and CYP2E1l
modulate the oxidative bio-activation of
nitrosamines, this result also suggested
that curcumin may decrease the generation
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of DNA reactive species in N-nitrosamines
associated hepatocellular carcinogenesis
(25). Curcumin also showed the inhibition
of N-nitrosomethylbenzylamine (NMBA)-
induced esophageal tumorigenesis via a
decrease in the expression of the CYPs. A
study on the activities in F344 rats after
treatment with curcumin for 6 weeks
indicated that curcumin (0.05% and 0.2%)
decreased esophageal CYP2B1 and 2E1 by
up to 60% relative to controls (26).
However, contradictory results have been
reported regarding curcumin’s action on

CYP2E1. Specifically, the catalytic
activity of heaptic CYP2E1 was
unchanged following treatment with

curcumin (200 mg/kg or 400 mg/kg) for 2
weeks in female Swiss Webster mice (27).
It is possible that the effects are sex-
dependent as the majority of studies are
conducted in male mice. Regardless, more
studies in both sexes and in multiple
species as well as human volunteers are
required to elucidate the effect of curcumin
on CYP2EL.

Studies indicated that dietary exposure of
benzo[a]pyrene (B[a]P), a polycyclic
aromatic  hydrocarbon, can  cause
colorectal cancer in humans (28). CYP1A
is responsible for the metabolism of B[a]P
into benzo[a]pyrene 7,8-diol-9,10-epoxide
(BPDE), a highly carcinogenic and
mutagenic electrophile (29). Treatment
with dietary curcumin (0.01%) inhibited
B[a]P-induced CYP1Al and CYP1lAZ2
activities by 20-30% in liver and 26-34%
in lungs, while a dose of 0.05% resulted in
a suppression of both phase | enzyme
activities by 43-50% in liver and 59-65%
in lungs (30). Moreover, curcumin (0.05%)
significantly inhibited the B[a]P-induced
CYP1Al and CYP1A2 mRNA levels in
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both the liver and lungs, while curcumin
(0.01%) pretreatment significantly
decreased B[a]P-induced CYP1A1 mRNA
in lungs and CYP1A2 mRNA in liver (30).
Furthermore, treatment of female Swiss
Webster mice with curcumin (200 mg/kg
or 400 mg/kg) for 2 weeks resulted in a 25%
decrease in the catayltic activity and
polypeptide levels of hepatic CYP1Al
compared to control following both doses
(27). These studies suggest that
curcumin’s modulation of CYP1Al can
decrease carcinogen-induced stress and
DNA adducts by inhibitiing CYP1ALl and
CYP1A2 activity and protein expression in
Vivo.

The effect of curcumin is also tissue-
specific. For example, treatment of male
Sprague-Dawley rats with 60 mg/kg
curcumin for 4 days resulted an inhibition
of intestinal CYP3A protein level by 42%,
whereas the hepatic and renal CYP3A
protein level was increased by 91% and
41%, respectively (31). It should be noted
that in this study curcumin significantly
induced hepatic and renal CYP3A levels.
This result also implicated the presence of
differential regulatory mechanisms for
protein expression in the various organs. It
also reported that curcumin (0-100 pM,
ICs50 = 11.0 £+ 3.3 uM) was able to inhibit
the in vitro CYP3A-mediated metabolism
of testosterone in rat liver microsomes in
which curcumin (10 uM) treatment led to
the highest inhibitory effect by 40%
compared to control (32).

The inhibitory potential of curcumin on the
five important human drug-metabolizing
CYPs, CYP1A2, CYP3A4, CYP2BS6,
CYP2C9 and CYP2D6, was also
investigated (33). It was observed that
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curcumin (300 pM) almost completely
inhibited the activities of CYP3A4,
CYP2C9, and CYP1AZ2 in the decreasing
order of potency CYP2C9 > CYP3A4 >
CYP2B6. At the same time, the same
concentration of curcumin inhibited the
activities of CYP2D6 and CYP2B6 by 72
and 69%, respectively (33). Additionally,
competitive inhibition after curcumin
treatment was observed with CYP1A2,
CYP2B6 and CYP3A4, while non-
competitive occurred with CYP2C9 and
CYP2D6 (33). CYP2C9 is the second
highest CYP in the human liver making up
approximately 20% of total hepatic
CYP450 content (34, 35). Due to its
oxidation of endogenous and exogenous
compounds including therapeutic drugs,
CYP2C9 plays an important role for drug
therapy in the clinic (36). Curcumin (50
mmol/l) also inhibited CYP2C9 in human
liver microsomes by 87% (37). The
observations imply that curcumin has the
potent inhibitory effects on CYP2C9
activity in humans. Moreover, curcumin
showed a more potent inhibitory effect of
CYP2C9 in human liver microsomes than
that of rat liver microsomes.

As an important human metabolizing
enzyme, CYP3A4, expressed in the
intestine and liver, is responsible for the
metabolism of more than 50% of clinically
used drugs (38). Everolimus (EVL) is a
substrate of P-glycoprotein (P-gp) and is
primarily metabolized by CYP3A4 (39). A
study investigated the effect of
coadministration of curcumin on the
pharmacokinetics of EVL in rats and the
underlying mechanisms.  After  oral
administration of EVL alone and
coadministrations with 50 or 100 mg/kg of
curcumin,  the area under the blood
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concentration-time curve from 0 to 540
min (AUC.s40) of EVL was significantly
decreased by 71% and 72%, respectively,
and both dosages reduced the peak plasma
concentration (Cpax) of EVL by 77%. 5
and 10 pM of curcumin treatment caused
significant inhibition of CYP 3A4 activity
by 93% and 90%, respectively. The efflux
function of P-gp was significantly reduced
by 13, 17 and 173%, respectively.
Mechanism studies revealed that CYP3A4
was markedly activated by curcumin
metabolites, which appeared to override
the inhibitory effects of curcumin on P-gp.
This study suggested that curcumin was
able to significantly decreased the
bioavailability of EVL via marked
activation on CYP 3A4 (40). This finding
was confirmed in another species as 2
weeks of curcumin treatment (400 mg/kg)
decreased the catalytic activity and
polypeptide levels of hepatic CYP3A
compared to vehicle control in female
Swiss Webster mice (27).

2. Effects of curcumin on phase 1l
metabolising enzymes

As drug-drug and/or  drug-food
interactions involving phase Il enzymes
are relatively sparse phase 1l enzymes have
attracted much less attention than CYPs,
especially in clinical pharmacology. One
of the most important enzymes of this
group is GST, which plays a critical role in
the detoxication of epoxides derived from
PAHs and alpha-beta unsaturated ketones
and in providing protection against
electrophiles and products of oxidative
stress (14). Induction of GSTs has long
been suggested to be one of the critical
actions of an effective cancer preventative
agent. For example, the combined
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chemopreventive potential of curcumin
and resveratrol towards B[a]P-induced
lung carcinogenesis in  mice was
investigated (41). A significant decrease of
26% in the Bl[a]P-treated group was
observed for GST compared to control
(41). In addition, individual treatment with
curcumin and resveratrol resulted in a
significant increase of 14 and 15% of GST
compared to  B[a]P-treated  mice,
respectively.  However,  simultaneous
administration of curcumin and resveratrol
to the B[a]P-treated animals significantly
increased the GST by 18% compared to
B[a]P-treated mice (41). These results
suggested  that coadministration  of
curcumin and resveratrol was able to
upregulate GST. Furthermore, these results
were confirmed in a study that reported
that 2 weeks of curcumin treatment (400
mg/kg) in female Swiss Webster mice
caused a 20% increase in heaptic GST
activity (27).

Curcumin also induced the expression and
activity of GST enzymes and increased the
presence of reactive oxygen species in
Dictyostelium discoideum, a eukaryotic
model, (42). Curcumin selectively induced
only two of five gstA genes with a
significant increases of 127 and 35% in
gstA2 and gstA3 genes compared to
control in the Dictyostelium discoideum. In
addition, total GST enzyme activity was
also increased by more than 30% after
treatment with 10 pM of curcumin (42).
This result suggested that there was
specialized regulation and function of
GSTs in Dictyostelium. Furthermore, the
lack of GSTP1 expression in human
prostate cells was likely to result in
oxidative DNA damage, which is an
important ~ contributor  to  prostate
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carcinogenesis  (43-45). Therefore, a
rational  prevention strategy against
prostate cancer could be to compensate for
GSTP1 loss by induction of phase Il
enzymes especially GST within the
prostate. To this end, F344 rats were fed
for 5 days with 45 mg/kg of curcumin and
the total GST and GST-mu activities in
prostate tissues over control levels were
increased by 14 and 73% compared to
control animals (46). This suggests that
curcumin is an effective inducing agent
and has the potential for use in prostate
cancer prevention.

Curcumin and curcuminoid extract were
reported to inhibit the catalytic activity of
SULT and UGT in vitro. Inhibition of
UGT enzymatic activity was reported to be
related to prostate cancer by modulation of
hormone levels (47). SULTs are
responsible for the transfer of a sulfuryl
group to hydroxyl or amine groups,
particularly in the liver, intestine, adrenal
gland, brain, and skin (48). Experiments
have shown that curcuminoid extract
inhibited UGT and SULT activity with
ICso values of 12.1 and 5.2 umol/l in
LS180 colon adenocarcinoma cells, while
0.99 umol/1 of curcuminoid extract and 5.9
umol/l of curcumin lead to 50% inhibition
SULT in HLC cells. 2.6 and 2.2 umol/l of
curcumin resulted in 50% inhibition of
SULT and UGT activity in LS180 cells,
respectively (49). On the other hand,
curcumin was also able to induce UGT
enzyme activity in vivo. For example, 1%
of curcumin was fed to male Wistar rats
for 2 weeks and intestinal and liver
microsomes were then prepared. The
results showed that curcumin induced
UGT activity by 1.5- and 3.1- fold in the
large intestine and liver, respectively,
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while proximal, middle and distal sections
of the small intestine were increased by
5.4-, 6.7- and 7.2-fold, respectively (50).

I11. Conclusion

Phase | and Il enzymes play an important
role in carcinogen metabolism and hence
their ~modulation is an important
devlopmental area for cancer
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chemoprevention. In vitro and in vivo
studies show that curcumin can effectively
modulate phase | and phase Il enzymes.
While there is in vitro and in vivo evidence
regarding the actions of curcumin, further
studies in human subjects are required in
order to fully elucidate curcumin’s
potential. While toxicity with curcumin
has not been reported, nanoformulations
will likely be required to achieve clinically
relevant plasma levels.
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