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Abstract

Curcuma longa and C. zedoaria, belonging to genus Curcuma, have become prevalent as supplements in East Asia. Curcumin is the most well-
studied bioactive component isolated from rhizomes of C. longa and other Curcuma species except C. zedoaria. In this study, we investigated the
affects of C. longa, C. zedoaria from Japan and curcumin on CYP3A4. Caco-2 cells, in which CYP3A4 expression was induced by 1a,25-(OH),-Ds,
were used to mimic the metabolism of small intestine. Caco-2 cells were treated with methanol extracts from two Curcuma rhizomes (0.1 mg/ml)
or curcumin (30 wM) for 72 h. Both extracts significantly decreased the activity of CYP3A4 by about 85-98%. The 50% inhibitory concentrations
of C. longa and C. zedoaria extracts were 0.019 and 0.014 mg/ml, respectively. They caused a 60—70% decrease in CYP3A4 protein. Otherwise,
curcumin treatment caused a 30—40% decrease in CYP3 A4 catalytic activity and a 38% decrease in CYP3A4 protein expression. Moreover, it was
found that both Curcuma extracts and curcumin treatment had no influence on CYP3A4 mRNA expression. Our results suggested that administration
of Curcuma drugs might inhibit the catalytic activity of intestinal CYP3A4. However, curcumin was not the major compound responsible for this

inhibitory effect.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In East Asia, Curcuma species (Curcuma longa, Curcuma
zedoaria) have been used as traditional medicines because
of their various pharmacological activities including wound
healing, digestion promotion, anti-cancer, anti-microbial, etc.

Abbreviations: C. longa, Curcuma longa; C. zedoaria, Curcuma zedoaria;
TST, testosterone; 63-OH TST, 6B-hydroxytestosterone; la,25-(OH);-D3,
lo,25 dihydroxyvitamin D3; HPLC, high performance liquid chromatogra-
phy; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; FBS, fetal bovine
serum; KTZ, ketoconazole; RFP, rifampicin; ICsg, 50% inhibitory concentra-
tions; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt
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(Araujo and Leon, 2001). Recent pharmacological studies have
demonstrated that the rhizomes of C. longa and C. zedoaria
expressed antiallergic (Ram et al., 2003) and hepatoprotective
activities (Matsuda et al., 1998). Curcumin (1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is the
major yellow pigment from rhizomes of C. longa rhizome and
other Curcuma species. However, no curcumin content was
detected in Japanese C. zedoaria. Since curcumin possesses
wide range of pharmacological activity, bulky volume of cur-
cumin is administrated to keep health (Maheshwari et al., 2006;
Chainani-Wu, 2003; Cheng et al., 2001). With the prevalence
of Curcuma as supplements, case reports about the side effect
of Curcuma supplements appeared in Japan (Kumashiro et al.,
2006). In these cases, fatal liver disorder appeared after Curcuma
administration. However, the cause still keeps unclear.
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As herbal medicinal products have become prevalent
throughout the world, the fatalness of herb—drug interactions
stands out (Mills et al., 2005; Fugh-Berman and Ernst, 2001).
Cytochrome P450 (CYP) 3A4 enzyme is the most abundant in
human cytochromes. CYP3A4 is responsible for the metabolism
of about 60% of the drugs in current clinical use (Guengerich,
1999). The inhibition/induction of CYP3A4 has been reported
as a significant reason for herb—drug interaction (Wrighton et
al., 2000).

Caco-2 cell model is a well-established model to study the
absorption and related mechanism of drugs (Hilgers et al., 1990;
Neuhaus et al., 2006). Schmiedlin-Ren et al. (1997) showed that
expression of CYP3A4 could be up-regulated by 1a,25-(OH),-
D3 treatment in Caco-2 cells, and that these cells might be a
promising model to simulate the absorption and metabolism
of small intestine. Following that, some researchers have ver-
ified the activity of CYP3A4 in the modified Caco-2 cells, and
showed that the expression and activity of CYP3A4 were inhib-
ited by grapefruit juice addition (Aiba et al., 2005; Hara et al.,
2002; Paine et al., 2005). These modified cells have become an
accepted tool to detect inhibition/induction of CYP3A4. Fur-
thermore, Caco-2 cell model has been used to demonstrate the
intestinal first-pass metabolism of baicalein from Radix Scutel-
lariae (Zhang et al., 2005).

In this study, Caco-2 cells treated with 1¢,25-(OH);-D3
were utilized to detect the Curcuma drugs interaction medi-
ated by intestinal CYP3A4. The major goals are as following:
(1) To show some information for the correct application of
Curcuma alternative medicines. (2) To investigate the relation-
ship between curcumin and the correct application of Curcuma
alternative medicines.

2. Materials and methods
2.1. Materials and chemicals

Caco-2 cells (American Type Culture Collection HTB37)
were obtained at passage 18 from American Type Cul-
ture Collection (Manassas, VA). C. longa (Okinawa, Japan)
and C. zedoaria (Okinawa, Japan) used in this study were
correctly identified by the molecular biological method pre-
viously reported (Cao et al., 2001). All drugs are stored
in the Museum of Materia Medica, Institute of Natural
Medicine, University of Toyama, Japan. Dulbelcco’s mod-
ified Eagle’s medium (DMEM), non-essential amino acids
(NEAA), antibiotic—antimycotic mixed stock solution, glucose,
DL-a-tocopherol, sodium selenite, zinc sulfate, ferrous sul-
fate, ethlenediaminertetracetic acid (EDTA) and trypsin were
obtained from Nacalai Tesque (Kyoto, Japan). Fetal bovine
serum (FBS) was from ICN Biomedicals, Inc. (Aurora, Ohio,
USA). 1a,25-(OH),-D3, TST, 63-OH TST, nifedipine, oxi-
dized nifedipine and ketoconazole were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Transwell polycarbon-
ate cell culture inserts (24 mm diameter, 0.4 wm pore size)
were from Costar Corp. (Bedford, MA, USA). Millicell ERS
device was obtained from Millipore (Bedford, MA, USA).
Stock solution of Curcuma extracts and curcumin were pre-

pared at 50mg/ml and 100mM in DMSO and stored in
—20°C.

2.2. Cell culture conditions

Caco-2 cells at passage 28—41 were used for all experiments.
Cell cultures were maintained in a humidified 37 °C incuba-
tor with a 5% carbon dioxide in air atmosphere. Caco-2 cells
were grown in plastic tissue culture dishes in a maintenance
medium consisting of DMEM containing 25 mM glucose, 4 mM
L-glutamine, 0.1 mM non-essential amino acids, 100 units/ml
penicillin, 100 units/ml streptomycin, 250 nM amphotericin and
supplemented with 10% heat-inactivated FBS. When cells
reached 80% confluence, they were removed using 0.2%
trypsin/EDTA, diluted with 1:4 and reseeded onto fresh tissue
culture dishes. Medium was changed at 2-3 days intervals.

2.3. Preparation of Curcuma extracts

The methanol extracts of Curcuma rhizomes were prepared
as previously described (Sasaki et al., 2003). Samples were
analyzed using a HPLC apparatus consisting of pumps (Shi-
madzu LC-10AT, Japan), a degasser (Shimadzu DGU-12A,
Japan), an autosampler (Shimadzu SIL-10A, Japan), and a
UV-VIS detector (Shimadzu SPD-10A, Japan). The reversed-
phase separation was performed in Inertsil® ODS-3 column
(4.6 mm x 150 mm, 5 pm particles, GL Sciences Inc., Japan).
The eluate was CH3CN-H;O-AcOH (45:55:1, by vol.) and
elution was performed at a rate of 1ml/min. Curcumin was
detected at 410nm and identified according to the retention
time. A methanolic stock solution of curcumin was prepared
at 100 uM. Concentrations were obtained by extrapolation of
peak area from a standard curve.

2.4. MTS assay

The cytotoxicity of Curcuma extracts/curcumin on Caco-2
cell proliferation was determined by MTS assay using CellTiter
96® aqueous one solution reagent (Promega Corporation). Caco-
2 cells at approximately 103 cells/cm? were seeded in 96-well
plate. After the cells had reached 80-90% confluence, cells
were treated with 0-0.5 mg/ml Curcuma extracts/0-200 M cur-
cumin for 72h. Following removal of the extracts/curcumin,
cells were washed with phosphate-buffered saline (PBS) for 3
times. The cells were then incubated in serum free maintenance
medium (100 pl) with one solution reagent (20 1) for a further
4 h. Viability was defined as the ratio (expressed as a percentage)
of absorbance of treated cells to untreated cells at 490 nm.

2.5. 1a,25-(OH),-Dj3 treatment

Caco-2 cells were seeded at 5 x 10° cells/cm? onto the cul-
ture insert and cultured in complete growth medium, which was
prepared based on maintenance medium supplied with 45 nM
DL-a-tocopherol and 20% heat-inactived FBS. After 10 days,
the medium was additionally supplemented with sodium selen-
ite (100nM), zinc sulfate (3nM), ferrous sulfate (5 uM) and
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1a,25-(OH),-D3 (250 nM). Simultaneously, the content of FBS
was decreased to 5%. Cells were incubated for a further 3 weeks.

2.6. Monolayer integrity

Cell monolayer integrity was evaluated with transepithelial
electrical resistance (TEER). Resistance was measured using a
Millicell-ERS resistance system after the medium was changed.
An insert that did not contain cells was used as background
resistance. TEER was calculated from the background-corrected
resistance and the surface area of the insert (4.76 cm?).

2.7. Induction of CYP3A4 catalytic activity by rifampicin

After 1a,25-(OH);,-D3 treatment, the cells were incubated
with the presence of rifampicin (50 uM) for 72 h. After medium
was aspirated the monolayers were washed with warm EBSS
buffer twice. EBSS buffer containing TST (250 uM) was added
to the apical compartment (1.5 ml). After incubating the cells
at 37 °C for 4 h, basolateral (2.6 ml) media was collected and
stored at —80 °C for analysis.

2.8. Inhibition of CYP3A4 catalytic activity by Curcuma
extracts and curcumin

After treated with 1«,25-(OH),-D3 for 3 weeks, Curcuma
extracts (0.1 mg/ml) or curcumin (30 wuM) were added to the
apical compartment and the incubation lasted for 72 h. After
medium was aspirated, the monolayers were washed with warm
EBSS buffer twice. EBSS buffer containing TST (250 nM) or
nifedipine (200 wM) was added to the apical compartment. After
incubating the cells at 37 °C for 4 h, basolateral media was col-
lected and stored at —80 °C for analysis.

2.9. Analysis of 68-OH TST by HPLC

Media (50 pl) was injected into a HPLC equipment the same
as mentioned in the method of preparation of Curcuma extracts.
The reversed-phase separation was performed in Inertsil® ODS-
3 column (4.6 mm x 150 mm, 5 pwm particles, GL Sciences Inc.,
Japan). Elution was performed at a rate of 1 ml/min with eluate
(acetonitrile:H,O =40:60). The eluate was monitored at 254 nm.
Standards of 63-OH TST were made in methanol. Concentra-
tions were obtained by extrapolation of peak area from a standard
curve.

2.10. Analysis of oxidized nifedipine by HPLC

EtOAc (3ml) was added to media (800 wl) in an amber
vial. Then, the content of each vial was mixed using a vortex
device and the two layers were separated by centrifugation at
3000 g for 5Smin. From each upper organic layer, 2.5 ml was
transferred to another amber vial and dried using a centrifuga-
tion evaporator. The content was dissolved in 200 w1 of eluate
(methanol:H, O =55:45) and 50 1 was injected into the HPLC
equipment the same as mentioned in the method of preparation

of Curcuma extracts. The reversed-phase separation was per-
formed in Inertsil® ODS-3 column (4.6 mm x 150 mm, 5 pm
particles, GL Sciences Inc., Japan). Elution was performed at
a rate of Iml/min and monitored at 254 nm. Standards of oxi-
dized nifedipine were made in methanol. Concentrations were
obtained by extrapolation of peak area from a standard curve.

2.11. Cell lysis

Cell monolayers were washed with cold PBS for three times.
Total cellular proteins were extracted in lysis buffer containing
150 mM NaCl, 10 mM Tris (pH 7.4), 1 mM EDTA, 1% Triton
X-100, 1% deoxycholic acid and protease inhibitor mixture. Pro-
tein concentrations were determined by the BCA protein assay
reagent kit (Pierce), using bovine serum albumin as a standard.
Total cell lysate was stored at —80 °C for analysis.

2.12. Western blot analysis

Proteins (12 pg) from the total cell lysate were analyzed
by SDS-PAGE (12.5% gel). After blotting, the Immobilon-
P membrane (Millipore) was blocked with 5% skim milk in
PBS containing 0.5% Tween 20 at room temperature for 1 h.
Immunoblots were incubated at room temperature for 1 h with
the specific primary antibody to CYP3A4 (BD Biosciences).
After further washing, the membranes were incubated for 1h
with the secondary antibody (Santa Cruz Biotechnology). Blots
were reprobed with antibody to GAPDH as a loading control.
Quantitative analysis of immunoblotted bands was performed
by computer program (NIH Image, version 1.61).

2.13. RNA extraction and SYBR® GREEN I real time
RT-PCR

Total RNA was extracted from the treated cells using
TRIzol reagent. First strand cDNA was generated from 1 pg
total RNA by using the oligo(dT) first strand primer. Real
time PCR was performed with 50,000-fold diluted SYBR®
GREEN I dye (Invitrogen). For CYP3A4, the forward primer
sequence used was 5'-ACTGAGTCCCACAAAGCTCTGTC-
3’ and the reverse primer sequence used was
5'-AACTGCATCAATTTCCTCCTGC-3; for B-
actin, the forward primer sequence used was
5'-GGTCATCACCATTGGCAATGA-3’ and the reverse primer
sequence used was 5'-GTAGTTTCGTGGATGCCACAGG-3'.
Aliquots of the reverse-transcription reaction mixture (1 pl)
were amplified and detected using a ABI PRISM 7700 sequence
Detector System (Applied Biosystems) with the following
profile: 1 cycle of 95 °C for 5 min, and 45 cycles each of 95 °C
for 15s and 60 °C for 1 min. The CYP3A4 mRNA levels were
normalized relative to B-actin mRNA level in each sample.

2.14. Statistics

Results were expressed as the means &= S.D. Statistical sig-
nificance was determined using Student’s f-test or one-way
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Fig. 1. Induction of CYP3A4 catalytic activity and immunoactive protein by 1a,25-(OH),-D3. Caco-2 cells grown on culture inserts were treated with 1o, 25-(OH),-
D3 (250nM) for 3 weeks after confluence. The medium was then replaced with medium free of 1&,25-(OH),-D3 for 72 h. TST (250 wM) or nifedipine (200 uM)
was added to the apical compartment. After 4 h, basolateral media was collected and analyzed for 63-OH TST or oxidized nifedipine concentration. (A) Metabolic
rate of TST and nifedipine. (B) Results of immumoblots of cell lysates. Results are means % S.D. from triplicate experiments. **P <0.001. “ND” stands for “not

detected”.

ANOVA followed by Bonferroni/Dunn multiple range test.
P <0.05 was considered to be statistically significant.

3. Results

3.1. Induction of CYP3A4 by la,25-(OH)-D3 and the
response of 1a,25-(OH)»-Dj3 treated Caco-2 cells to
rifampicin

After the cells were treated with 1,25-(OH),-D3 and then
incubated in maintenance medium for 72h, the activity of
CYP3A4 in modified Caco-2 cells was compared with that
of untreated Caco-2 cells (Fig. 1A). In untreated Caco-
2 monolayers, no 6B-OH TST formation was detected in
the basolateral compartment and oxidized nifedipine was
formed at a rate of 3.19 & 1.31 pmol/min mg protein. In con-
trast, in the basolateral compartment of treated Caco-2 cells,
the formation rates of 63-OH TST and oxidized nifedip-
ine were detected as 8.20+0.96 pmol/minmg protein and
35.20 & 7.52 pmol/min mg protein, respectively (Fig. 1A). The
expression of immunoactive CYP3A4 protein was proved to
be significantly induced by about 5-fold after 1¢,25-(OH);-D3
treatment (Fig. 1B).

RFP (50 nM) treatment did not lead to any damage to Caco-
2 cell morphology (Fig. 2A). The catalytic activity of modified
Caco-2 cells was significantly increased by about 15 fold when
TST was used as CYP3A4 substrate (Fig. 2B). The mRNA and
immunoactive protein levels were induced by about 2-fold and
4-fold, respectively (Fig. 2C and D).

3.2. Cytotoxicity of Curcuma extracts and curcumin to
Caco-2 cells

After 72 h incubation, both Curcuma extracts and curcumin
exhibited dose-dependent inhibition on cell growth compared to
control group. Both extracts showed no cytotoxicity to Caco-2
cells when the concentration was below 0.1 mg/ml. The 50%
cytotoxicity concentrations (CCsg) of C. longa and C. zedoaria
extracts were determined to be 0.14 and 0.19 mg/ml, respec-

Table 1
Comparison between Curcuma extracts and curcumin in cytotoxicity and
CYF3A4 inhibitory activity

Curcumin content CCsp (mg/ml) 1Cs0 (mg/ml)
(% of extract)
C. longa 3.9 0.14 0.019
C. zedoaria ND 0.19 0.014
Curcumin - 0.027 (73 pM) ND

The CCsq was calculated from MTS assay. Cells were grown and treated with
extracts or curcumin for up to 72h as described in the methods. Percentage
viability was determined by setting the absorbance of control, non-treated cells as
100%. The ICs( was calculated from the inhibitory activity of Curcuma extracts
on nifedipine oxidization. Results are from triplicate experiments. “ND” stands
for “not detected”.

tively. As shown in Table 1, the content of curcumin in C. longa
extract was 3.9%, while there was no curcumin content in C.
zedoaria extract. As the main component of C. longa, curcumin
did not affect the viability of Caco-2 cells when the concentra-
tion was below 30 uM, and the CCsqg of curcumin was 73 puM
(Table 1). In this research, we picked out the largest dose without
cytotoxicity (Curcuma extracts: 0.1 mg/ml; curcumin: 30 wM)
to carry out our experiments.

Affects of Curcuma extracts and curcumin on Caco-2 cell
monolyers were further validated. It seemed that Curcuma
extracts and curcumin treatments had no influence on Caco-2
monolayers morphology (Fig. 3A). There were no signif-
icant changes in the TEER (Table 2) and protein content
(Fig. 3B) when Caco-2 monolayers were treated with Curcuma
extracts/curcumin for 72 h compared to control.

3.3. Inhibitory potential of Curcuma extracts and curcumin
on CYP3A4

Testosterone and nifedipine were utilized as the probes of
CYP3AA4 catalytic activity. As an inhibitor of CYP3A4 catalytic
activity, KTZ (1 nM) significantly inhibited 6B-hydroxylation
of TST and oxidization of nifedipine by almost 100% and
60%, respectively. After 72h treatment, C. longa extract
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Fig. 2. Induction of CYP3A4 by RFP (50 uM) in 1a,25-(OH),-Dj3 treated Caco-2 cells. (A) Influence of RFP on Caco-2 morphology. (B) Induction of CYP3A4
activity by RFP. After 1a,25-(OH),-D3 treatment for 3 weeks, the medium was replaced with medium free of 1a,25-(OH),-D3 and RFP was applied to the apical
compartment. After 72h, TST (250 uM) was added to the apical compartment and incubated for 4 h. The amount of 63-OH TST in the basolateral compartment
was measured. Results are means &= S.D. from triplicate experiments. " P<0.001. (C) Induction of CYP3A4 mRNA by RFP. After treatment by RFP for 72 h, total
mRNA was extracted for real-time RT-PCR. Results are means # S.D. from triplicate experiments. P <0.001. (D) Induction of CYP3A4 immunoactive protein by
RFP. After treatment by REP for 72 h, cell Iysates were prepared for western immunoblot. Results are means + S.D. from triplicate experiments. P <0.001.

(0.1 mg/ml) and C. zedoaria extract (0.1 mg/ml) decreased the
6B-hydroxylation formation by 86% and 98%, respectively.
Especially, only trace amount of 63-OH TST was detectable
after C. zedoaria extract treatment. On the other hand, when
the substrate was changed to nifedipine, C. longa extract and
C. zedoaria extract inhibited nifedipine oxidation by 86% and

Control C.longa

(A) C. zedoaria Curcumin - 100 pum

85%, respectively (Fig. 4). Both Curcuma extracts exhibited
dose-dependent inhibitory effect on nifedipine oxidization. The
ICs50 of C. longa and C. zedoaria extracts were 0.019 and
0.014 mg/ml, respectively (Table 1). The ICsgs for both Curcuma
extracts were about 10-fold lower than their CCsgs. About 2 uM
of curcumin was comprised in the ICsq of C. longa extract. Inter-
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Fig. 3. Affects of methanol extracts of Curcuma rhizomes or curcumin on Caco-2 monolayer. (A) Affects on cell morphology after 72 h treatment. (B) Changes in
total protein content of Caco-2 cells after treatment for 72 h. Results are means & S.D. from triplicate experiments.
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Fig. 5. Affects on CYP3A4 immunoactive protein and mRNA following methanol extracts of Curcuma rhizomes (0.1 mg/ml) or curcumin (30 wM) treatment.
Extracts or curcumin were applied to the apical compartment and incubated for 72 h. After removing extracts/curcumin, cell lysates or total mMRNA were prepared for
western immunoblot or real-time RT-PCR. (A) Representative western immunoblot for CYP3A4 and quantitative analysis of CYP3A4 immunoactive protein. The
band intensities were normalized with that of GAPDH. Results are means % S.D. from triplicate experiments. **P <0.001 compared to control. *P <0.01 compared
to curcumin treatment. (B) Quantitative analysis of CYP3A4 mRNA. Results are means &= S.D. from triplicate experiments.

Table 2
Affect of Curcuma extraxts/curcumin on transepithelial electrical resistance
(TEER) of Caco-2 cell monolayers

TEER (2 cm?)

0 12h 24h 72h
Control 1151 + 165 1008 + 176 1084 + 85 974 + 120
C. longa 1054 +92 1008 + 109 1042 £ 131 9414171
C. zedoaria 1159+ 100 1084 + 83 1071 £75 962+ 112
Curcumin 1067 + 103 958 + 133 1058 £ 86 899 +98

TEER of Caco-2 cell monolayers were recorded during the treatment of
Curcuma extraxts/curcumin. Resistance was measured using a Millicell-ERS
resistance system after the medium was changed. TEER was calculated from
the background-corrected resistance and the surface area of the insert (4.76 cm?).
Results are means & S.D. from triplicate experiments.

estingly, when 30 uM of curcumin was administrated for 72 h,
TST 6B-hydroxylation and nifedipine oxidization were inhibited
by 34% and 38%, respectively. It was found that the CYP3A4
catalytic activity of Curcuma extracts treated Caco-2 cells was
apparently lower than that of cells treated by curcumin (Fig. 4).

Cell lysates from the Caco-2 monolayers were analyzed
for GAPDH and CYP3A4 immunoreactive protein by western
blot (Fig. 5A). After treatment for 72 h, both C. longa extract
and C. zedoaria extract decreased CYP3A4 protein content by
60-70% compared to control, while curcumin had only mod-
estly inhibitory effect (30-40%) on CYP3 A4 protein expression.
In contrast to curcumin, both extracts led to a greater loss of
CYP3A4 immunoactive protein. On the other hand, there were
no significant changes on the CYP3A4 mRNA following treat-
ment with Curcuma extracts and curcumin (Fig. 5B).
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4. Discussion

Almost all herbs are administrated orally. The first major bar-
rier for them to across is the intestinal epithelium. Large dose
of herb components administration might change the activity
and/or expression of CYP3A4 in intestinal epithelium cells, but
have no affect on the CYP3A4 in liver because of low blood
concentration (Evans, 2000; Murray, 2006). The most typical
example was grapefruit juice (Fuhr, 1998; Veronese et al., 2003).
It is of great means to predict the possibility of herb—drug inter-
action in small intestine. There are always two limitations for
the in vitro model of herb—drug interaction: metabolism abil-
ity and species differences. In this study, we confirmed that
1a,25-(OH),-D3 modified Caco-2 cell monolayers offered an
applicable system for testing the potential of herb—drug interac-
tion mediated by CYP3A4.

There have been some reports showing that 1a,25-(OH),-
D3 modified Caco-2 cell system exhibited detectable CYP3A4
metabolism ability for a short term after 1a,25-(OH),-D3 was
removed (Fisher et al., 1999; Paine et al., 2005). However,
since consumption of herb products was normally a long-
last doings (Sharma et al., 2001), it is important for the
herb—drug interaction testing system to sustain drug treat-
ment for a relatively long term. In our study, after modified
Caco-2 monolayers were incubated in medium free of 1o,25-
(OH);-D3 for 72h, the metabolites appeared in basolateral
compartment were detected by HPLC. The formation rates of
6B-OH TST and oxidized nifedipine were about 8 pmol/min mg
protein and 35 pmol/min mg protein, respectively. In the report
of Schmiedlin-Ren et al. midazolam was utilized as CYP3A4
probe, and the detection of 1’-hydroxymidazolam was per-
formed by gas chromatography selective ion mass spectrometry
(Schmiedlin-Ren et al., 1997). Their system might exhibit
high metabolism activity because they have obtained the
genetic homogeneity among Caco-2 cells. Another group using
CYP3A4 transfected Caco-2 cell system indicated the metabolic
properties as follows: testosterone, 7-32 pmol/min mg protein;
nifedipine, 2—10 pmol/min mg protein (Hu et al., 1999). It was
indicated that our system exhibited ample metabolism ability
since it was not weaker than that of another well-used model,
CYP3A4 transfected Caco-2 system.

Species difference is an acknowledged problem for the
application of animals in metabolism field (Guengerich, 1997;
Bogaards et al., 2000). In this study, rifampicin, a strong
inducer of CYP3A4 in human hepatocytes but not CYP3A in
rat hepatocytes (Waxman, 1999; Lu and Li, 2001), was admin-
istrated to our modified Caco-2 cell monolayers. Although it
has been reported that rifampicin cannot induce the expression of
CYP3A4 in wild Caco-2 cells (Schmiedlin-Ren et al., 2001), our
results showed that the expression and activity of CYP3A4 were
further up-regulated by rifampicin in modified Caco-2 cells. To
our knowledge, this is the first report about the induction of
CYP3A4 by rifampicin in 1a,25-(OH),-D3 treated Caco-2 cells.
Above all, these results support that modified Caco-2 cell is a
suitable model to study herb—drug interaction.

Using our modified Caco-2 monolayers, we demonstrated
that both intestinal CYP3A4 enzyme activity and immunoactive

protein levels were significantly decreased (>50%) following
72 h of Curcuma extracts treatment. This is the first time to indi-
cate the potential of herb—drug interaction caused by methanol
extracts of Curcuma rhizomes. Curcumin is the most famous
bioactive component isolated from Curcuma rhizomes. In 1996,
Firozi et al. demonstrated the inhibition of CYP isoenzymes by
curcumin in a reconstituted microsomal monooxygenase sys-
tem (Firozi et al., 1996). The inhibition effects of curcumin on
benzo[a]pyrene induced CYP1A1, 1A2 and 2B1 activities were
verified in rat liver microsome and in rat (Thapliyal and Maru,
2001). Furthermore, recently, Valentine et al. reported that cur-
cumin modulates drug metabolism enzymes in the female Swiss
Webster mouse (Valentine et al., 2006). They demonstrated that
curcumin treatment would cause a 25% decrease in CYP1A
activity, but not in immunoactive protein level. Significantly,
their results indicated that 2 weeks of curcumin (400 mg/kg)
treatment led to a 20% decrease in the activity and a 28%
decrease in immunoactive protein level of liver CYP3A. Sim-
ilarly, we also demonstrated that curcumin treatment (30 wM)
for 72 h modestly down-regulated the CYP3A4 enzyme activity
(about 30—40%) and immunoactive protein level (about 35%).
Indeed, we observed thatboth C. longa and C. zedoaria exhibited
strong inhibitory affect on CYP3A4 activity (about 90%) and
strong down-regulation effect on CYP3A4 immunoactive pro-
tein expression (about 60%). However, curcumin content in C.
longa extract (0.1 mg/ml) occupied only 3.9% (10.6 uM). Inter-
estingly, there was no curcumin content in Japanese C. zedoaria
extract. Our results suggested that curcumin was not the major
compound responsible for the inhibitory effect of Curcuma on
CYP3A4.

Curcuma thizomes are multi-component systems. Except
for curcumin, some essential oils, such as turmerones and zin-
giberene, have been isolated from Curcuma rhizomes. Reports
showed that these essential oils exhibited multiple biological
activities (Lai et al., 2004; Syu et al., 1998). From our results,
we speculated that besides curcumin, there must be at least one
compound owning CYP3A4 inhibitory activity in Curcuma rhi-
zomes. The inhibitory mechanism of Curcuma must be very
complicated because it might be a combined effect of several
compounds.

The decreased Caco-2 CYP3A4 protein levels observed after
Curcuma extracts/curcumin treatment implied that the interac-
tion was not simple competitive inhibition. However, we found
that the treatment did not decrease the level of CYP3A4 mRNA.
Similarly, Raucy reported that CYP3A4 mRNA levels in primary
human hepatocytes were not changed after curcumin (5 uM)
treatment for 48 h (Raucy, 2003). Cheng et al. also demonstrated
that curcumin (1 mg/kg) did not alter CYP3A gene expression in
male rat (Cheng et al., 2003). Our result indicated that Curcuma
extracts/curcumin did not decrease CYP3A4 protein content by
a transcriptional or posttranscriptional way. Rather, it suggested
that this inhibitory effect might result from reduced translation or
enhanced degradation of CYP3 A4 protein. Our results suggested
that the case of Curcuma extracts/curcumin was very similar
to that of grapefruit juice, which exhibited a mechanism-based
inhibition on intestinal CYP3A4 (Dresser and Bailey, 2003).
Further study is under way to explain the inhibition mechanism
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of the methanol extracts of Curcuma rhizomes and curcumin on
CYP3A4 by our group.

In summary, our study showed that 1c,25-(OH),-Dj3 treated
Caco-2 cell was an available model for screening of herb—drug
interaction. Using this model, we provided strong evidence that
both C. longa and C. zedoaria significantly inhibited the activ-
ity and protein expression of CYP3A4, although they have no
affect on the expression of CYP3A4 mRNA. We also showed
that curcumin played a minor role in the inhibitory potential of
Curcuma thizomes on CYP3A4. Further studies are needed to
clarify the impact of Curcuma rhizomes on human CYP3A4 and
other drug-metabolizing enzymes.
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