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Purpose. Dietary flavonoids, present in fruits, vegetables and bever-
ages have been demonstrated to be protective in cancer. Recently, we
showed that the flavonoid chrysin induced UDP-glucuronosyl-
transferase (UGT) activity and expression in the human intestinal cell
line Caco-2. In the present study, we determined the specific UGT
isoform(s) induced and whether this induction facilitates glucuroni-
dation and potential detoxification of the colon carcinogen 2-hy-
droxyamino-1-methyl-6-phenylimidazo[4,5-b]pyridine (N-hydroxy-
PhIP).

Methods. The induction was studied by immunoblot analysis with
UGT isoform-specific antibodies, by Northern blot analysis and using
quercetin as an isoform-specific catalytic probe. Glucuronidation of
N-hydroxy-PhIP was characterized using both recombinant UGTs
and control and chrysin-treated microsomes.

Results. Western blot analysis showed that pretreatment of Caco-2
cells with 25 pM chrysin induced UGT1A1 without affecting the
expression of UGTs 1A6, 1A9 and 2B7. Northern blot analysis
showed markedly increased expression of UGTIA1 mRNA after
chrysin treatment. Similarly, glucuronidation of quercetin was greatly
increased in a UGT1Al-specific way. The induction of UGT1A1 in
the Caco-2 cells resulted in a 10-fold increase in the glucuronidation
of N-hydroxy-PhIP.

Conclusion. Dietary flavonoid-mediated induction of intestinal
UGT1A1 may be important for the glucuronidation and detoxifica-
tion of colon and other carcinogens as well as for the presystemic
metabolism of therapeutic drugs.

KEY WORDS: flavonoids; chrysin; enzyme induction; glucuronida-
tion; UDP-glucuronosyltransferase; UGT1A1; intestinal cells; Caco-2
cells.

INTRODUCTION

UDP-glucuronosyltransferase (UGT) is an enzyme fam-
ily that carries out major detoxification reactions in humans.
Subdivided into two sub-families, UGT1A and UGT2, UGTs
are involved in metabolism of bilirubin (1), steroids (2), bile
acids, and drugs (3). In addition, UGTs metabolize carcino-
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gens; reactions generally considered to be important in de-
toxification of carcinogens (4). Thus, induction of UGT iso-
forms that metabolize various carcinogens could facilitate
bioinactivation and subsequent excretion of such toxic com-
pounds.

While most inducers of UGTs are found to be rather
toxic chemicals, such as TCDD (5) and B-naphtoflavone (6),
there is evidence to suggest that dietary compounds such as
bioflavonoids can induce UGTs (7,8). In a previous study we
have shown that one such bioflavonoid, chrysin (5,7-
dihydroxyflavone), induced its own glucuronidation (autoin-
duction) in the human colonic adenocarcinoma cell line
Caco-2 (9). Pretreatment with 50 pM chrysin resulted in a
3.8-fold increase in the glucuronidation of chrysin and 14-fold
in the cell homogenate. Western blot analysis using a non-
specific antibody indicated that chrysin pretreatment resulted
in substantial increase in the expression of UGT 1A iso-
form(s).

The focus of this study was to determine the specific
isoform(s) that chrysin induces in Caco-2 cells. Isoform-
specific antibodies revealed that UGT1A1 is one induced iso-
form. This was confirmed by Northern blot analysis using a
UGT1Al-specific probe as well as by a catalytic assay. In
addition, this study explored the role that the UGT1Al iso-
form plays in glucuronidation of the colon carcinogen 2-hy-
droxyamino-1-methyl-6-phenylimidazo[4,5-b]pyridine (N-
hydroxy-PhIP) and whether increased expression of
UGT1A1 in Caco-2 cells increased the glucuronidation of
N-hydroxy-PhIP.

MATERIALS AND METHODS

Materials

Chrysin, uridine 5’-diphosphoglucuronic acid (UDPGA)
and protease inhibitors were purchased from Sigma Chemical
Co. (St. Louis, MO). Trifluoroacetic acid was of spectropho-
tometric grade from Aldrich Chemical Co. (Milwaukee, WI).
Hanks’ balanced salts solution (HBSS) was obtained from
Cellgro, Mediatech, Fisher Scientific (Pittsburgh, PA). Re-
combinant human UGT1A1 and UGT1A9 were purchased
from Gentest Corp. (Woburn, MA). Electrophoresis and
blotting supplies and prestained molecular weight markers
were purchased from Bio-Rad Laboratories (Hercules, CA).
N-hydroxy-PhIP was obtained from NCI Chemical Carcino-
gen Reference Standard Repository at Midwest Research In-
stitute (Kansas City, MO).

Caco-2 Cell Culture

The human colon adenocarcinoma cell line Caco-2 was
obtained from American Type Culture Collection (Rockville,
MD). The Caco-2 cells were cultured in Eagle’s Minimum
Essential Medium with Earle’s salts and L-glutamine (Cell-
gro), supplemented with 1% non-essential amino acids (Cell-
gro), 10% fetal bovine serum (Summit Biotechnology, Ft.
Collins, CO) and penicillin/streptomycin (Sigma Chemical
Co.). Cells were grown in humidified air with 5% CO, in 100
mm petri dishes for preparation of microsomes and isolation
of RNA. The cells were used at passage 35-75.

Preparation of Caco-2 Cell Microsomes

Caco-2 cells were plated in 100-mm petri dishes. Just
prior to reaching confluency (6-8 days after cells seeding) the
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cells were incubated for 3 days with either 25 wM chrysin
dissolved in ethanol:DMSO (80:20, v/v) or solvent. The me-
dium was changed every 24 hr. After the final day of treat-
ment, the cell monolayers (10 dishes/treatment) were washed
twice with HBSS and scraped off the dishes in HBSS. After
centrifugation the cell pellet was resuspended in 1 ml of 0.15
M KCl in 10 mM sodium phosphate buffer (pH 7.4) with
protease inhibitors (2 mM PMSF, 50 pg/ml antipain, 2 pg/ml
aprotinin, 0.2 mg/ml benzamidine, 0.5 pg/ml leupeptin and 1
pg/ml pepstatin). The cells were disrupted by sonication on
ice (5 x 5 sec). The cell homogenate was centrifuged at 9000g
for 20 min at 4°C to obtain the supernatant fraction (S9). The
S9 fraction was further centrifuged at 100,000g for 60 min at
4°C. The microsomal pellets were resuspended in 400 pl of
homogenization buffer. Microsomal suspensions, stored in
aliquots at —80°C, were used for immunoblot analysis and
catalytic activity assays.

Determination of UGT Protein Levels by Inmunoblotting

Microsomal samples were heated at 90°C for 5 min with
an equal volume of sample buffer and loaded on a 12% SDS-
polyacrylamide minigel together with molecular weight mark-
ers and positive and negative controls. After electrophoresis
(10), the proteins were transferred to a nitrocellulose mem-
brane (11). The membrane was blocked and incubated with
primary and secondary antibodies as described previously (9).
Primary polyclonal antibodies raised against UGT1A®6,
UGT1A9 and UGT2B7 were all purchased from Gentest.
Anti-UGT1A1, obtained from Dr. Ritter, was used as re-
cently described (12), with the exception that incubations
with primary and secondary antibodies were done in the pres-
ence of 5% nonfat milk.

Northern Blot Analysis of UGT mRNA

The mRNA from chrysin-treated and control Caco-2
cells was isolated using a FastTrack 2.0 kit (Invitrogen, Carls-
bad, CA) according to the manufacturer’s instructions. Ten
100 mm Petri dishes were used for each isolation. Samples
were combined with 3 volumes of RNA loading buffer,
heated for 15 min at 65°C and 5 pg of mRNA was loaded on
a 1% agarose gel with 3% formaldehyde. After electropho-
resis, the RNA was transferred to a nylon filter (Hybond-N,
Amersham Pharmacia Biotech, Piscataway, NJ). The filter
was hybridized overnight at 65°C to a [**P]-labeled probe
prepared from a 0.7-kbp XholI-EcoRI restriction fragment of
pSK-UGT1AL1 containing the 5’ end of UGT1A1 (14). The
probe was labeled by random primed synthesis using
[«**P]dCTP and a kit from Amersham Pharmacia Biotech.
After hybridization, the filter was repeatedly washed with
phosphate buffer containing SDS/EDTA and subjected to au-
toradiography using Hyperfilm MP (Amersham). The same
membrane was stripped and reprobed with a 1 kbp glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) cDNA (Am-
bion, Austin, TX) to confirm equal loading between control
and chrysin-treated samples.

Quercetin Glucuronidation by Recombinant UGT1A9 and
1A1 and Caco-2 Microsomes

Quercetin (10 wM), dissolved in ethanol, was incubated
with recombinant UGT1A9 or 1A1 (200 ng), control or
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chrysin-treated Caco-2 microsomes (125 pg, 213 wg respec-
tively) in 50 mM Tris.HCI buffer (pH 7.4) containing 10 mM
MgCl, and 1 mM UDPGA. The blank reactions were run
without UDPGA. The reaction mixtures (500 wl) were incu-
bated at 37°C for 60 min under argon gas. At the end of the
reaction, 5 mg of ascorbic acid was added and the samples
were extracted with 500 pl methanol by vortexing vigorously
for 20 sec and centrifuging for 10 min at 14,000 g. The super-
natant was subjected to HPLC analysis using a Symmetry C18
column (3.9 x 150 mm, Waters) with UV detection at 370 nm.
The mobile phase was a linear gradient of 25-100% solvent B
(5-40 min) at a flow rate of 0.9 ml/min. Solvent A was 0.1%
trifluoroacetic acid in water and solvent B was methanol.

N-Hydroxy-PhIP Glucuronidation by Recombinant
UGT1A1 and Caco-2 Microsomes

N-hydroxy-PhIP (0.1-50 pM), dissolved in etha-
nol:DMSO (80:20, v/v), was incubated with recombinant
UGT1A1 (200 pg), control or chrysin-treated Caco-2 micro-
somes (100g) in 100 mM Tris.HCI buffer (pH 7.4) containing
5 mM MgCl, and 3 mM UDPGA. The blank reactions were
run without UDPGA or microsomes. The reaction mixtures
(500 pl) were incubated at 37°C for 60 min. At the end of the
reaction, the samples were cooled on ice and centrifuged for
2 min at 10,000g. The supernatant was solid-phase extracted
as described previously (13), reconstituted in mobile phase
and analyzed by HPLC using a Symmetry C18 3.9 x 150 mm
column (Waters, Milford, MA). The mobile phase was 18%
acetonitrile in 50 mM ammonium acetate buffer (pH 4.5). The
samples were run at a flow rate of 0.9 ml/min with UV de-
tection at 315 nm.

Identification of N-Hydroxy-PhIP Metabolites

Mass spectrometric identification of N-hydroxy-PhIP
metabolites formed by UGT 1A1 used identical HPLC con-
ditions as above. The effluent from the HPLC column was
split and 10% of the flow was directed into the electrospray
ionization (ESI) source of a Finnigan LCQ ion trap mass
spectrometer operated in positive-ion mode. Instruments pa-
rameters were: ESI needle voltage, 4.2 kV; ESI capillary tem-
perature, 220°C; isolation window, 2 amu; scan range 150-
1000 amu. MS data were acquired with repetitive scanning
with MS/MS data automatically acquired on the most intense
precursor ion in each MS spectrum, using helium collision gas,
with collision energy of 30 eV.

RESULTS

Our previous study on chrysin induction of glucuronida-
tion in Caco-2 cells had shown maximum effect after 3—4 days
of incubation with a concentration of 25-50 pM chrysin (9).
Those were the experimental conditions used throughout the
present study.

Chrysin-inducible UGT isoforms were in first hand iden-
tified by immunoblot analysis. Microsomes prepared from
chrysin-treated and control Caco-2 cells were subjected to
SDS-PAGE and probed with isoform specific antibodies, Fig.
1. As previously shown, an antibody selective for the whole
subfamily of UGT1A isoforms showed a strong signal in the
chrysin-treated vs. untreated cells (9). Thus, it was not unex-
pected to see that chrysin did not have any inducing effect on
the UGT2B7 isoform. Surprisingly, there was no effect on the
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Fig. 1. Immunoblot analysis of Caco-2 cell microsomes from cells pretreated with 25 pM chrysin for 3
days as compared to untreated cells. Three different immunoblots were done with antibodies specific for
UGT2B7, UGT1A6, and UGT1ALl, respectively. Sample loading: lane 1, recombinant UGT2B7 protein;
lane 2, recombinant UGT1AG6 protein; lane 3, recombinant UGT1A1 protein; lane 4, microsomes from
untreated Caco-2 cells; and lane 5, microsomes from chrysin-treated Caco-2 cells. The arrows designate

UGT protein bands.

UGT1AG6 protein, the isoform that has become known to use
planar phenols, such as the flavones, as substrates. However,
both of these isoforms were well expressed in the untreated
Caco-2 cells. When a new and highly specific antibody to-
wards UGT1A1 was used (12), a very strong induction was
observed, Fig. 1, bottom. Only a very weak signal for this
isoform could be seen in the untreated Caco-2 cells. The an-
tibodies used displayed high specificity towards the various
recombinant isoforms, i.e., UGT2B7, 1A6 and 1A1.
Poly(A)* RNA isolated from untreated and chrysin-
treated Caco-2 cells subjected to agarose-formaldehyde elec-
trophoresis and hybridized to a [**P]-labeled cDNA fragment
of pBluescript SK/UGT1A1 (12) showed a dramatic increase
in UGT1A1 mRNA with the expected size (2.3 kb) in the

chrysin-treated cells with no detectable amount in the un-
treated cells, Fig. 2, lane 2 compared to lane 1. A GAPDH
cDNA probe was used to reprobe the stripped membrane and
showed similar loading of chrysin-treated and untreated cell
mRNA. These observations strongly confirmed the findings
in Fig. 1 that the UGT1Al isoform is induced by chrysin.

A previous study has shown that chrysin is a good sub-
strate not only for UGT1A1 but also for UGT1A9 (14). Im-
munoblot analysis with several UGT1A9 antibodies was,
however, equivocal. If induction of this isoform was occur-
ring, it was weak. To learn more about the possible induction
of this isoform, we used another, more complex, pentahy-
droxylated flavonoid, quercetin, as a molecular probe, Fig. 3.
Recombinant UGT1A9 produced four distinct glucuronide
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Fig. 2. Northern blot analysis of UGT1A1l mRNA expression in
Caco-2 cells. Poly(A)"™ RNA ([b pg) isolated from untreated and
chrysin-treated cells (lanes 1 and 2, respectively) were subjected to
agarose-formaldehyde electrophoresis, hybridization with a [**P]-
labeled UGT1A1 cDNA probe (14) and autoradiography. The blots
were then stripped and hybridized to a GAPDH cDNA probe to
confirm equal sample loading.

isomers (Fig. 3A), while UGT1A1 produced only one major
and one minor isomer (Fig. 3B) and UGT1A4 and 1A6 did
not use quercetin as a substrate. Interestingly, untreated
Caco-2 cells only produced trace quantities of one isomer
(Fig. 3C), whereas the chrysin-treated cells produced the
same isomers and in the same ratios (Fig. 3D) as produced by
recombinant UGT1A1. This again demonstrates induction of
UGT1A1 by chrysin with no effect on UGT1A9 and the util-
ity of quercetin as a probe for these two isoforms.

A. 31 B. 11Q

Retention Time (min)

Fig. 3. Glucuronidation of quercetin as a marker of UGT1A9 and
UGT1A1 activity. The enzyme sources were A. recombinant
UGT1A9; B. recombinant UGT1A1; C. microsomes from untreated
Caco-2 cells and D. microsomes from chrysin-treated Caco-2 cells.
After incubations, samples were analyzed by isocratic reverse-phase
HPLC. Q = quercetin. Arabic numerals 1-4 are isomeric quercetin
monoglucuronides.
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One of the potential benefits of flavonoid-induced gluc-
uronidation in colon cells would be protection from carcino-
gens. One of the best known human colon carcinogens is the
cooked-food mutagen 2-amino-1-methyl-6-phenylimid-
azo[4,5-b]pyridine (PhIP) and its more proximate carcinogen
N-hydroxy-PhIP (15). To test whether the chrysin-inducible
UGT1A1 can use N-hydroxy-PhIP as a substrate, we first
employed recombinant UGT1A1 protein. A one-hr incuba-
tion with 25 wM N-hydroxy-PhIP produced a clear HPLC
peak with a retention time of 7 min (Fig. 4A), a peak that was
not observed in the absence of UGT1A1 enzyme or the co-
factor UDPGA. HPLC/MS analysis of this peak demon-
strated an [M+H]"* ion of m/z 417 consistent with a glucuronic
acid conjugate of N-hydroxy-PhIP. Upon collision-induced
dissociation, product ions of m/z 241 and 225 were observed,
indicative of N-hydroxy-PhIP (loss of 176 amu from the mo-
lecular ion) and PhIP, respectively. This is similar to a previ-
ous study (16). The UV absorption maximum for N-hydroxy-
PhIP was shifted to 319 nm in the metabolite, characteristic of
the N-hydroxy-PhIP-N>-glucuronide as opposed to N-hy-
droxy-PhIP-N>-glucuronide (16). When the kinetics of gluc-
uronidation of N-hydroxy-PhIP (0.1-50 pM) by UGT1Al
was studied, we obtained an apparent K,, value of 13.8 uM
and a V. value of 63.4 pmol/min/mg protein.

When microsomes from untreated Caco-2 cells were in-
cubated with N-hydroxy-PhIP, there was a minor HPLC peak
at the expected retention time of 7 min for the N-hydroxy-
PhIP-N?-glucuronide (Fig. 4B). This peak was dramatically
increased in the chrysin-treated cells (Fig. 4C). In repeated
experiments (N = 5), there was an average 10-fold increase in
the glucuronidation of N-hydroxy-PhIP in the chrysin-treated
as compared to the untreated Caco-2 cells (Fig. 5).
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Fig. 4. Glucuronidation of the cooked-food mutagen/carcinogen N-
hydroxy-PhIP by A. Recombinant UGT1A1, B. Microsomes from
untreated cells and C. Microsomes from Caco-2 cells pretreated with
25 uM chrysin for 3 days. The peaks eluting at 10 to 12 min are
impurities present in N-hydroxy-PhIP.
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Fig. 5. Induction of N-hydroxy-PhIP glucuronidation by chrysin in
Caco-2 cells. Cells were incubated with 25 pM chrysin for 3 days and
microsomes were isolated as described. Microsomal incubates (50
wM N-hydroxy-PhIP for 60 min) were analyzed as in Fig. 5B and C.
Mean values + SEM from 5 experiments with chrysin-treated and
untreated cells are shown. *Significantly higher than for untreated
cells (P < 0.01).

DISCUSSION

In previous studies we have shown that the flavonoid
chrysin is extensively metabolized by Caco-2 cells via gluc-
uronidation and sulfation (13). Pretreatment of Caco-2 cells
with chrysin induced its metabolism through glucuronidation,
whereas sulfation was not affected (9). Immunoblot analysis
with an antibody recognizing all UGT 1A isoforms demon-
strated a dramatic increase in the expression of one or several
of these proteins in treated cells.

In the present study, using UGT isoform-specific anti-
bodies, we showed that chrysin treatment dramatically in-
duced the expression of UGT1A1, while it had no effect on
the expression of UGT2B7 and UGT1A6. The immunoblots
also demonstrated clear expression of UGT2B7 and
UGT1AG6 in untreated Caco-2 cells with virtually no expres-
sion of UGT1AL. In addition, our data using quercetin as an
isoform-specific probe of catalytic activity clearly demon-
strated the absence of induction of UGT1A9 by chrysin but
clear induction of UGT1Al. It should, however, be empha-
sized that additional UGT isoforms may be inducible. This
has to await the development of additional antibodies, e.g.,
for UGT1AS8 and UGT1A10, shown to be expressed in the
intestine but not in the liver, or use of an approach such as
DRT-PCR described by Strassburg et al. (17).

The induction of UGT1A1 protein in Caco-2 cells was
further supported by examining the transcript levels using a
UGT1Al-specific probe (12). Northern blot analysis indi-
cated that chrysin treatment substantially induced the levels
of UGT1A1 mRNA.

While flavonoids previously have been shown to induce
hepatic glucuronidation in vivo in rodents (7,8), the only pre-
vious report of a flavonoid inducing UGTs in a cultured mam-
malian cell is that of biochanin A inducing the glucuronida-
tion of UGT2B1S5 in a prostate cancer cell line (18). In a study
parallel to the present, we recently showed that UGT1A1 is

Galijatovic, Otake, Walle, and Walle

inducible by flavonoids in the human hepatoma cell line Hep
G2 (14). However, as there are large qualitative and quanti-
tative differences in the expression of the UGT isoforms in
the normal human intestine vs. the liver, based on DRT-PCR
(17), those findings could not necessarily be extrapolated to
the intestinal Caco-2 cells. Whereas the uninduced Hep G2
cells had clear expression of the UGT1A1 mRNA (14), there
was no such message in the uninduced Caco-2 cells. However,
in a recent report Paine et al. showed by Western blotting
clear but highly variable expression of UGT1Al in fresh hu-
man intestinal tissue (19).

Some UGTs have previously been demonstrated to be
inducible in the Caco-2 cells. Thus, UGT1A6 and UGT1A9
are inducible by TCDD, an aryl-hydrocarbon inducer (5). The
antioxidant #-butylhydroquinone, which has a somewhat dif-
ferent spectrum of induction, induced UGT1A6, 1A9 as well
as 2B7 (5). Interestingly, in a recent study it was demon-
strated that the flavonoid quercetin at rather high concentra-
tions was able to induce UGT1A6 (20). The magnitude of
induction in these studies was relatively modest. Thus, there is
no previous report on expression of UGT1A1 in Caco-2 cells.

UGT1AL1 is the isoform that has been shown to be pri-
marily involved in metabolism of bilirubin (1), an endogenous
toxic waste product. Thus, chrysin and potentially other fla-
vonoids may increase glucuronidation of bilirubin in condi-
tions of hyperbilirubinemia, such as neonatal jaundice. This is
likely to be more important in the liver (14). In the present
study we demonstrate for the first time that not only is this
isoform induced in the colonic Caco-2 cells but it is also in-
volved in the metabolism of the potent colon carcinogen N-
hydroxy-PhIP. We have identified that the glucuronide con-
jugate formed by UGT1A1 is the N-hydroxy-PhIP-N2-
glucuronide, using HPLC/MS as well as characteristic UV
absorption. The enzyme kinetics for its formation demon-
strated a favorably low K, value of 13.8 uM. These findings
are in sharp contrast to those previously made by Nowell et al.
(21) but are supported by observations made by Malfatti and
Felton in a preliminary communication (22).

Our finding that N-hydroxy-PhIP glucuronidation is me-
diated by recombinant UGT1A1 is further strongly supported
by our observations in the Caco-2 cells. Thus, there was as
much as a 10-fold increase in the glucuronidation of N-
hydroxy-PhIP by the chrysin-treated Caco-2 microsomes.
N-hydroxy-PhIP-N*-glucuronide, a clear detoxification prod-
uct that is not susceptible to hydrolysis by B-glucuronidase, is
the major metabolite excreted in human urine upon PhIP
ingestion (23). Thus, induction of UGT1A1 in the colon by
flavonoids such as chrysin could increase the conversion to
N-hydroxy-PhIP-N?-glucuronide followed by efflux by the
MRP2 transporter, as previously described in Caco-2 cells
(24). This may decrease the mutagenic/carcinogenic potential
of N-hydroxy-PhIP.

UGT1A1 has also been shown to conjugate the contra-
ceptive drug ethinylestradiol (25) as well as the antitumor
drug irinotecan (26). It may be possible that intestinal me-
tabolism by this isoform could be important for other drugs as
well. Overexpression of UGT1A1, such as after flavonoid
consumption, may lead to diminished therapeutic response to
such drugs. Thus, UGT1A1 should perhaps be added to
CYP3A4 and P-glycoprotein (27) as an important intestinal
barrier to drug bioavailability and a source of interindividual
variability in drug response.
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In conclusion, considering the extraordinary utility of

Caco-2 cells as a model of human intestinal absorption, the
establishment of the flavonoid induction response in these
cells is essential. The enterocyte is indeed the cell that will see
the highest concentrations of dietary chemicals like chrysin.
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