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Abstract

Many adverse effects on carp reproductive organs have been reported to be caused by exposure to
environmental estrogens, such as nonylphenol and bisphenol A, which contaminate the aquatic environment. The
glucuronidation activities of xenoestrogens (bisphenol A and diethylstilbestrol) and phytoestrogens (coumestrol,
genistein and biochanin A), but not nonylphenol and octylphenol, were observed in microsomes prepared from
carp organs. The highest levels of glucuronidation of environmental estrogens, for which the optimum temperature
was 25-30 °C, were observed in the intestinal microsomes of 2-year-old carp. These activities in carp intestine
increased developmentally, and the maximum levels corresponded to 5—10 % of that in rat liver microsomes.
However, the glucuronidation of phytoestrogen by carp intestinal microsomes corresponded to that of rat liver
microsomes. Only bisphenol A-glucuronide was excreted from the everted intestine, indicating that bisphenol A is
metabolized in the carp intestine mainly as glucuronide. These results suggest that glucuronidation by carp
intestine plays an important role for the detoxification of xenoestrogens and phytoestrogens, except for
nonylphenol and octylphenol. © 2002 Elsevier Science Inc. All rights reserved.
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Introduction

Much evidence has recently been reported on the hormone-like effects of environmental chemicals in
fish, wildlife and humans [1]. Bisphenol A, which is a monomer used in the manufacture of
polycarbonate, and alkylphenols (nonylphenol and octylphenol), which are compounds widely used as
plastic additives and for the manufacture of surfactants, have been reported to have estrogenic activities
[2—4]. Significant amounts of these alkylphenols have been found in the aquatic environment, especially
in sediments [5,6]. Alkylphenolic compounds can bioaccumulate in fish and potentially impair
reproduction or development through estrogenic actions [7—10]. Feminized male fishes have been found
near sewage outlets in several rivers in the U.K.; a mixture of chemicals including alkylphenols resulting
from degradation of detergents during sewage treatment seemed to be the causal agent of this endocrine
disruption [11]. Fishes such as carp may be sensitive to these polluted chemicals. The precise mechanisms
of action of a number of these xenoestrogens are still not known.
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Fig. 1. Scheme of everted intestine system. Whole system (A) and the apparatus to which a segment of everted bowel is attached
(B). The mucosal side (m) and serosal side (s) were filled with Krebs Ringer’s buffer and the buffer was maintained at 37 °C in
water bath. The mucosal buffer solution was gassed with 95% O,—5% CO, (g). Arrows indicate the flow of the serosal buffer.
Preparation and fixation of the aliquot of everted intestine (i) are explained in Materials and Methods.
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Bisphenol A and nonylphenol are mainly glucuronidated in the liver and excreted into the bile of rats
[12—14] and rainbow trout (Oncorhynchus mykiss) [15,16]. Recently, plasma xenoestrogen biomarkers
such as viterogennin and zona radiata proteins were shown to be induced by intraperitoneal injections
of bisphenol A and nonylphenol into juvenile salmon [17]. The metabolism of these chemicals in fish
must be determined in order to elucidate the mechanisms of viterogennin induction and endocrine
disruptions. It is basically important to know whether xenobiotic pollutants, such as bisphenol A and
nonylphenol, are glucuronidated in the organs of fishes that have sustained adverse effects for estimation
of toxicity of these chemicals.
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Fig. 2. HPLC analysis of the bisphenol A glucuronidation in carp hepatopancreas microsome. Chromatograms were generated
from HPLC of the reaction products of bisphenol A (BPA) in carp hepatopancreas microsomes as described in Materials and
Methods. Panel A shows a chromatogram of the reaction products of BPA in microsomes in the presence of UDP-glucuronic
acid. Panel B is a chromatogram of 3-glucuronidase treatment of the same products as those shown in chromatogram A. The
peak eluted at 27 min in the chromatograms was estimated as unreacted BPA, and the peak eluted at 7 min (indicated by narrow)
is abolished by the p-glucuronidase-treatment (panel B).
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Materials and Methods
Materials
Cholic acid, purchased from Nissui Yakuhin Co., was further purified and converted to its sodium salt

[18]. UDP-glucuronic acid was obtained from Nakarai Yakuhin Co. Bisphenol A, testosterone, estradiol,
estradiol 17R-glucuronide and estradiol 3a-glucuronide were obtained from Sigma Chemicals. 1-
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Fig. 3. Microsomal UDP-glucuronosyltransferase activities towards environmental estrogens by carp organs. Enzymatic
activities toward bisphenol A (A), coumestrol (B) and genistein (C) were assayed in cholate-activated microsomes prepared
from the carp intestine (In), hepatopancreas (Hp), kidney (Kd) and gill (Gi) at 25 °C as described in Materials and Methods.
Results are means + S. E. (error bar).
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Naphthol (a-Naphthol) was purchased from Wako Chemical Co. (Osaka, Japan), and a-naphthyl B-D-
glucuronide (1-naphthol-p-D-glucuronide) was purchased from Sigma Chemical Co. (St. Louis, MO.,
USA). HPLC-grade acetonitrile was obtained from Kanto Chemical Co. (Tokyo, Japan). Other reagents
were of the highest grade available.

Preparation of microsomes from carp organs

The carp were dissected after exsanquination by decapitation in accordance with the Japanese
Guideline for Experimental Animals, and the hepatopancreas, kidneys, intestines and gills were minced
and homogenized with 4 vol. of 0.15 M KCI solution containing 1 mM EDTA. The homogenate was
centrifuged for 30 min at 9,000 X g, and the supernatant fraction was centrifuged at 105,000 X g for 60
min to obtain microsomes. Rapid preparation of the carp microsomal fraction was important to prevent
the loss of UGT activities. The microsomes were activated by the incubation with 0.01% sodium cholate
for 30 min at 0 °C. The protein concentration was determined by the method of Lowry et al. [19] using
bovine serum albumin as a standard.

Enzyme analysis and HPLC

UDP-glucuronosyltransferase activities toward various substrates were assayed in 200 pl of 50 mM
Tris-HCI buffer (pH 7.4), 0.5 mM MgCl, containing 0.25 mM substrate and cholate-activated micro-
somes at 37 °C as previously described [12]. The resultant enzyme reaction products were filtered using
a disposable disk filter (HPLC-DISK; Kanto Co., Tokyo, Japan) and analyzed by an HPLC system
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Fig. 4. Temperature dependency of microsomal UDP-glucuronosyltransferase activity toward bisphenol A in microsomes
prepared from carp hepatopancreas and intestine. Enzymatic activity toward bisphenol A was assayed in cholate-activated

microsomes prepared from the carp hepatopancreas (A) and intestine (B) at various temperatures for 10 minutes as described in
Materials and Methods. Results are means + S. E. (error bar).
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consisting of a Tosoh TSKgel 80TM reversed phase column (7.8 mm X 30 cm). The filtered samples
were injected and eluted with an acetonitrile/H,O/acetic acid (35/65/0.1 v/v/v) solution. Substrate-
glucuronides were estimated by decomposition with B3-glucuronidase and quantified by the decrease in
the substrate peak on a HPLC chromatogram. The HPLC peaks of estradiol 3a-glucuronide and estradiol
17p-glucuronide were determined by using respective authentic standards.

Setup of everted intestine system

Schemes of the everted intestine system were described previously [20]. A 16-cm-long polyethylene
tube (1 mm in i. d., 1.66 mm in o0.d.) was inserted to a length of 3 cm into an outer tube (2 mm in i.d., 3
mm in o.d., 3 cm in length), leaving 13 cm dangling free outside the apparatus. A silicon projection was
added to the circumference near one end of the outer tube to fix the intestine. Krebs Ringer’s buffer (Na"
135.0 mM, K™ 5.0 mM, Ca*" 2.5 mM, Mg>" 1.2 mM, CI'122.4 mM, HCO?25.0 mM, glucose 10.0 mM)
was aerated by 95% O, + 5% CO, gas, and the pH was adjusted to 7.4. Two test tubes were filled with
30 ml of Krebs Ringer’s buffer and incubated in a water bath at 37 °C. The substrate (1-naphthol, final
conc. = 0.05 mM) was added to the Krebs Ringer’s buffer at the mucosal site. The mucosal site (m) was
aerated with 95% O, + 5% CO, gas (g) to maintain viability of the tissue. Silicon tubes were used to
make the connection between the pump and tissue in the step as described in Fig. 1.
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Fig. 5. Age dependency of microsomal UDP-glucuronosyltransferase activities toward environmental estrogens by microsomes
prepared from carp hepatopancreas and intestine. The enzymatic activities towards bisphenol A (A) and coumestrol (B) were
assayed in cholate-activated microsomes prepared from carp hepatopancreas ([J) and intestine () at 25 °C as described in
Materials and Methods. Results are means + S. E. (error bar).
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Preparation of everted intestine

The carp intestine was washed with cold Krebs Ringer’s buffer. The washed intestine was
immediately sectioned into two equal 15-cm lengths in cold Krebs Ringer’s buffer. One end of each
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Fig. 6. HPLC analysis of nonylphenol glucuronidation in rat liver and carp intestinal microsomes. Chromatograms A and B
were generated from the products of incubation reactions to nonylphenol with the rat liver microsomes (A) carp intestinal
microsomes (B). Elution of unconjugated nonylphenol was confirmed as a gentle peak at 15.1 min. A major peak corresponding
to nonylphenol glucuronide (arrowhead) in panel A was not detected in panel B.
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of the sections was ligated and everted simultaneously with the insertion of the fixation equipment. The
other end of the intestine was then ligated over the polyethylene tube. The everted segment was fixed in
the mucosal buffer (m), and the serosal buffer was pumped (p) through the everted intestine at 5 ml per
minute. Reaction products (0.5 ml of the mucosal and serosal buffer) were collected at 0, 10, 20 and 30
min after the addition of a substrate as shown in Fig. 1. Mucosal and serosal samples were filtered using
a disposable disk filter (HLC-DISKry,3; Kanto Co., Tokyo, Japan) and stored at ~80 °C until analysis.
The samples were analyzed by an HPLC system.

Results

In this study, we found significant levels of UDP-glucuronosyltransferase activities toward environ-
mental estrogens such as bisphenol A and some phytoestrogens, but not nonylphenol and octylphenol, in
microsomes prepared from carp intestine. The results of HPLC analysis of the reaction products of
bisphenol A obtained in vitro from carp hepatopancreas microsomes in the presence of UDP-glucuronic
acid are shown in Fig. 2. Unconjugated bisphenol A in the absence of UDP-glucuronic acid was eluted at
27 min, which is the same elution time for standard bisphenol A (data not shown). The reaction products
of bisphenol A in carp hepatopancreas microsomes contained a new peak, which disappeared after pB-
glucuronidase treatment and was subsequently comfirmed as bisphenol A-glucuronide (Fig. 2). The
results indicate that carp hepatopancreas microsomes have glucuronidation activity for the environ-
mental estrogen bisphenol A.
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Fig. 7. Comparison of microsomal UDP-glucuronosyltransferase activities toward various substrates by microsomes prepared
from rat liver and carp hepatopancreas and intestine. Enzymatic activities toward oestradiol (Est), testosterone (Tes), bisphenol
A (BPA), nonylphenol (NP), biochanin A (BioA), coumestrol (Cm) and genistein (Gn) were assayed in cholate-activated
microsomes prepared from the rat liver (@) at 37 °C and from the carp hepatopancreas ([J) and intestine () at 25 °C as
described in Materials and Methods. Results are means + S. E. (error bar).
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In Fig. 3, xenoestrogens such as bisphenol A and also phytoestrogens were shown to be
glucuronidated by microsomes prepared from carp, Cyprinus carpino, organs. The highest activities
of UGT toward all substrates tested were obtained in microsomes from the intestinal mucosa, and
only slight activities were detected in the gill. As shown in Fig. 4, the optimum temperature for the
enzyme was lower (25—30 °C) than that for rat microsomes (35—-45 °C). At temperatures higher
than 30 °C, UGT activity was significantly decreased, suggesting that carp UGT protein is
comparatively unstable at temperatures higher than 30 °C. All assays of carp enzyme activities
were performed at 25 °C, which is a stable and active temperature for carp UGT. No significant loss
of UGT activity in carp microsomes was observed at 25 °C for 1 hr (data not shown).
Developmental changes in UGT activity toward bisphenol A and coumestrol are shown in Fig. 5.
UGT activity increased slowly with carp development and reached its maximum level before the carp
reached sexual maturity (2 years old) (Fig. 5). Nonylphenol glucuronide was detected after reaction
with rat liver microsomes but not with carp intestine microsomes on HPLC chromatography as
shown in Fig. 6. UGT activities toward various substrates in microsomes from adult carp organs and
rat liver are shown in Fig. 7. The carp intestine showed higher (above 2-fold) activity than did carp
hepatopancreas in the glucuronidation of bisphenol, biochanin A, coumestrol and genistein, but
showed no activity for nonylphenol (Fig. 6) and otylphenol (data not shown). Carp intestinal UGT
activities toward testosterone, estradiol and biphenol A corresponded to about 10% of that in rat liver
microsomes, while even at 25 °C, the level of activity toward phytoestrogens was the same as that in
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Fig. 8. HPLC analysis of bisphenol A-glucuronide secreted from the everted intestine of the carp. Bisphenol A was added to the
mucosal side of the everted intestine, and the mucosal and serosal buffer solutions were assayed by HPLC as described in
Materials and Methods. Chromatograms were generated from HPLC of the reaction products secreted into the serosal side (A
and B) and the mucosal side (C and D) from the everted intestine after 10 min (A and C) and 30 min (B and D). Free bisphenol
A was detected at 27 min only in the mucosal side and Arrows show the peaks of bisphenol A-glucuronide.
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the rat liver (37 °C assay) (Fig. 7). To identify the main metabolite of bisphenol A in the carp
intestine, reaction products excreted from the everted intestine were assayed by HPLC, and the
results are shown in Fig. 8. A single peak of bisphenol A-glucuronide (panel A) was detected, which
increased after reaction in the serosal and mucosal sides (panels B and D). Free bisphenol A was
detected at 27 min only in the mucosal side, indicating that the main product of bisphenol A in the
everted intestine was the glucuronide, and significant amounts of conjugated bisphenol A were
excreted into the mucosal side of the intestine within 60 min.

Discussion

Xenoestrogens, bisphenol A [12,13] and nonylphenol [14], which are pollutants in the environment,
were mainly metabolized to their glucuronide conjugates in the rat. Bisphenol A was shown to be
glucuronidated at significant levels, corresponding to 10% of that in rat liver, in the carp intesitne, even
at a lower assay temperature (25 °C). The expression of multiple UGT isoforms was reported in the liver
of the plaice, and one of them (phenol UGT) was purified [21]. Phytoestrogens, coumestrol, genistein
and biochanin A were highly glucuronidated by carp intestinal microsomes to the same degree as that in
rat liver microsomes, indicating that the carp has highly expressed UGT isoform(s) catalyzing the
glucuronidation of phytoestrogens in the intestinal musosa.

Most of the metabolites of nonylphenol have been shown to be glucuronic acid conjugates in rainbow
trout [15,16]. However, in carp organs, it is difficult for alkylphenols such as nonylphenol and
octylphenol to be glucuronidated. Recently, we found that in the rat these alkylphenols were excreted
only with difficulty into the bile and easy to be accumulated after glucuronidation in the liver of rat [14].
It is possible that nonylphenol and octylphenol were accumulated in the carp organs as their un-
conjugated forms. This accumulation of the free form might result in serious physiological consequen-
ces, such as aberrations in the reproductive function of carp living in rivers that are polluted with these
alkylphenols.

Rat and sheep intestinal UDP-glucuronosyltransferase isoforms were purified and cloned with the
designation UGT1A6, UGT1A7, SheUGT1A6 and SheUGTI1A7 [22]. The isozymes are able to
glucuronidate many xenobiotics and are highly induced by treatment with B-naphthoflavone [23]. Carp
intestinal UGT isoform(s) must play important roles in detoxication of phytoestrogens and xenoes-
trogens, with the exception of alkylphenols. We found that 1-naphthol was highly glucuronidated and
that most of the resultant glucuronide was excreted into the mucosal side of the rat intestine [20]. In the
present study, we found that bisphenol A was mainly glucuronidated in the carp intestine and excreted
into the mucosal side. A recent study showed that most of the bisphenol A injected in the rat was
excreted as glucuronide in the feces [24]. If many xenoestrogens and phytoestrogens are excreted into
the mucosal side as glucuronides, it presents a very useful system for detoxication of these chemicals at
the first barrier.
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