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INTRODUCTION

In 1982, it was reported that the small intestinal extrac-
tion ratio of phenacetin in rats coincided with the result of a
metabolic investigation using epithelial cells (enterocytes) of
the rat small intestine (1). That is, when Klippert et al. ad-
ministered phenacetin into the jugular vein, the portal vein,
and the duodenum of rats pretreated with 3-methylcholan-
threne, the extraction ratio by the gut was calculated to be
0.53. However, the extraction ratio obtained from the in vitro
data on phenacetin metabolism using isolated mucosal cells of
3-methylcholanthrene-pretreated rats was between 0.31 and
0.53. Gupta et al. (2) first reported in humans that the con-
tribution of the small intestine in the first pass metabolism of
cyclosporine was significantly large.

In recent years, the metabolism of a drug when it passes
through enterocytes has been the focus of attention (3–8).
Although drug metabolism studies using rat intestinal micro-
somes have been increasing, their results vary quite widely
among the researchers. It is conceivable that different proce-
dures in the preparation of intestinal microsomes contribute
severely to enzymatic stability; however, a comparative study
of the preparation procedures of the microsomes from rat
enterocytes has never been reported.

In this report, we describe the activities of cytochrome
P450 and UDP-glucuronosyltransferase in the rat small intes-
tinal microsomes prepared by four different procedures and
the stability of the enzyme activities in the microsomes during
storage at 4°C, −20°C, and −80°C for 30 days.

MATERIALS AND METHODS

Chemicals

6b- and 16a-hydroxytestosterone (6b- and 16a-TOH)
and p-nitrophenol (p-NP) were purchased from Daiichi Pure
Chemicals Co., Ltd., (Tokyo). Testosterone was obtained
from Nacalai Tesque, Inc., (Kyoto). p-Nitroanisole (p-NA)
was purchased from Tokyo Kasei Kogyo Co., Ltd., (Tokyo).

Phenylmethylsulfonyl fluoride (PMSF) and p-nitrophenol
b-D-glucuronide (p-NPG) were purchased from Sigma
Chemical Co. (St. Louis, MO). Corticosterone (internal stan-
dard for TOHs), histidine, dithiothreitol, digitonin, glycerol,
and UDP-glucuronic acid sodium salt (UDP-Ga) were ob-
tained from Wako Pure Chemical Industries, Ltd., (Osaka).
The methanol (MeOH), ethanol (EtOH), and acetonitrile
(MeCN) used were of high-performance liquid chromatogra-
phy grade (Wako). All other chemicals were reagent grade
(Wako). Water was used after double distillation in a glass
still.

Preparation of Small Intestinal and Hepatic Microsomes

Male Wistar-ST rats (Sankyo Labo Service Co., Ltd., To-
kyo) weighing 280 to 300 g were used throughout the study.
The rats were housed in stainless steel cages, five animals per
cage, in a temperature-controlled (24–26°C) room with a 12-h
light/dark cycle. The rats were allowed free access to standard
rat chow (Sankyo) and water for 1 week before the experi-
ments. The rats fasted overnight before the experiments.
Each animal was anesthetized with 20% (w/v) urethane (1
g/kg body weight intraperitoneally). All the preparation pro-
cedures of the microsomes were undertaken in a cold room
(4°C). A 30-cm portion (from pars pylorica ventriculi) of rat
small intestine was rinsed with solution A, pH 7.3, which
contained 1.5 mM KCl, 96 mM NaCl, 27 mM sodium citrate,
8 mM KH2PO4, 5.6 mM Na2HPO4 and 0.23 mM PMSF (9),
and prepared as four kinds of small intestinal microsomes
(G-mic) by the procedures described below in (A), (B), (C),
and (D).

Rat liver was minced and homogenized in 10 mM Tris-
HCl buffer (pH 7.4) containing 0.25 M sucrose at 20% (w/v)
concentration. The homogenate was centrifuged at 700 g for
10 min at 4°C and then centrifuged at 10,000 g for 10 min.
Two kinds of liver microsomes (L-mic) were prepared from
the supernatant by the methods described in (E) and (F).
Each of the microsomes was resuspended in 100 mM Tris-
HCl (pH 7.4) containing 20% (w/v) glycerol and 10 mM
EDTA and stored in liquid nitrogen until use. Protein con-
centration was measured by the method of Lowry et al. (10).

(A) Scraping of Enterocytes and Ca-Aggregation
Procedures (G-mic/SCa)

Isolation of small intestinal epithelial cells was achieved
by scraping the mucosa on the small intestine with a micro-
scope slide on ice. The separated cells were homogenized in 5
mL of solution C, pH 7, which contained 5 mM histidine, 0.25
M sucrose, 0.5 mM EDTA, and 0.23 mM PMSF (9) per rat,
and centrifuged at 15,000 g for 10 min at 4°C. After calcium
chloride was added to a final concentration of 10 mM, the
supernatant was kept standing on ice for 15 min. The micro-
some G-mic/SCa was obtained by centrifugation at 2,000 g for
10 min.

(B) Scraping of Enterocytes and Ultracentrifugation
Procedures (G-mic/SU)

The microsome G-mic/SU was obtained from the ho-
mogenate of enterocytes described in (A) by centrifugation at
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15,000 g for 10 min and then the supernatant at 100,000 g for
45 min.

(C) EDTA-Separation of Enterocytes and Ca-Aggregation
Procedures (G-mic/ECa)

Rat small intestine was incubated for 15 min at 37°C in
the solution A. The contents of the small intestine were re-
placed with ice-cold solution B, which contained 136.9 mM
NaCl, 2.68 mM KCl, 1.47 mM KH2PO4, 8.1 mM Na2HPO4,
1.5 mM EDTA, 0.5 mM dithiothreitol, and 0.23 mM PMSF,
and the small intestine was placed on a glass plate on ice and
tapped gently several times. The separation procedures of the
enterocytes in solution B were repeated three times. The
separated cells were washed with the solution C and centri-
fuged at 800 g for 10 min at 4°C. The cells were homogenized
in 5 mL of solution C and centrifuged at 15,000 g for 10 min
at 4°C. The microsome G-mic/ECa from the supernatant was
obtained by the Ca-aggregation method described in (A) (9).

(D) EDTA-Separation of Enterocytes and
Ultracentrifugation Procedures (G-mic/EU)

Homogenate of the enterocytes was prepared by the
method described in (C). The microsome G-mic/EU was ob-
tained from the homogenate by the ultracentrifugation
method described in (B).

(E) Ca-Aggregation Procedures for Liver (L-mic/Ca)

The microsome L-mic/Ca was obtained from the super-
natant of the liver homogenate instead of the enterocyte ho-
mogenate by the Ca-aggregation method described in (A).

(F) Ultracentrifugation Procedures for Liver (L-mic/U)

The microsome L-mic/U was prepared from the super-
natant of liver homogenate by the ultracentrifugation method
described in (B).

Measurement of Enzymatic Activities in the Microsomes

The assays of P450 isoform (CYP1A1, 2B/2C, and 3A)
specific oxidation activities and UDP-glucuronosyltransferase
(UGT) activity using testosterone, p-NA, and p-NP were per-
formed using the HPLC according to the methods specified
below.

(1) P450 Activities

The enzymatic reactions for testosterone 6b- and 16a–
hydroxylation and p-NA demethylation were performed by
the methods of Ding and Coon (11) and Kamataki et al. (12)
with a modification. Briefly, a reaction mixture (final volume
of 120mL in 0.1 M sodium phosphate buffer, pH 7.4) contain-
ing 1 mM NADPH, and 0.2 mM testosterone or 5 mM p-NA
was incubated with each of the microsomes for 5 min at 37°C.
The reaction was stopped by addition of ice-cold 2 mg/mL
corticosterone/MeCN solution (120 mL) and 0.22 g of solid
ammonium sulfate (for testosterone), or acetonitrile (120 mL)
and saturated aqueous ammonium sulfate (120 mL) (for
p-NA). The resulting mixture was vortexed vigorously, cen-
trifuged at 12,000 g for 10 min, and the organic layer was

injected onto the high-performance liquid chromatographer
(HPLC).

Each metabolite concentration produced by the enzy-
matic reactions was obtained from the calibration curves for
each standard metabolite (6b- and 16a-TOHs: 2–10 mM,
p-NP: 0.167–6.67 mM) added in the reaction mixture excluded
each substrate. In the time-course experiments, the 6b- and
16a-TOHs and p-NP produced linear up to 7.5 min.

(2) UGT Activities

The UGT activities for p-NP in the microsomes were
measured according to the previous reported methods with a
modification (13). In our preliminary study for the glucuron-
idation of p-NP, the Michaelis–Menten plot was drawn. Be-
cause the Vmax value was constant over 1 mM p-NP, we used
2 mM p-NP as the substrate amount. In the time-course ex-
periments, p-NPG was produced linear up to 30 min. Briefly,
a reaction mixture (final volume of 400 m in 0.1 M Tris-HCl
buffer, pH 7.4) containing 20 mM MgCl2, 8 mM UDP-Ga, and
2 mM p-NP was incubated with each of the microsomes for 5
min at 37°C. The enzymatic reaction was stopped by addition
of ice-cold EtOH (240 mL) and 0.32 g of solid ammonium
sulfate. The resulting mixture was vortexed vigorously, cen-
trifuged at 12,000 g for 10 min, and the organic layer was
injected onto the HPLC. p-NPG concentrations produced by
the enzymatic reaction were obtained from the calibration
curves for standard p-NPG concentrations (1.2–360 mM)
added in the reaction mixture excluded p-NP.

(3) Stability of Enzymatic Activities in G-mic/EU

G-mic/EU was stored at 4°C, −20°C, and −80°C for 30
days. Testosterone 6b- and 16a-hydroxylation, p-NA demeth-
ylation, and p-NP glucuronidation activities were determined
with time.

HPLC Conditions

The HPLC system used consisted of a PU-980 pump
(JASCO Co., Ltd., Tokyo) equipped with a UV-970 UV/VIS
detector (JASCO), a SIL-9A auto-injector (Shimadzu Co.,
Ltd., Kyoto), and a C-R4A Chromatopac integrator (Shi-
madzu). TOHs, p-NP, and p-NPG were measured at wave-
lengths of 240 nm, 400 nm, and 300 nm, respectively. Each
sample was analyzed using a reverse phase analytical Capcell
Pak UG-ODS column [4.6 mm (inside diameter) × 25 cm;
particle size 5 mm (Shiseido Co., Ltd., Tokyo)] equipped with
a guard column packed with Capcell Pak SG-ODS [4.6 mm
(inside diameter) × 1 cm; particle size 5 mm (Shiseido)]. Mo-
bile phases consisting of 0.085 % phosphoric acid:MeOH:MeCN
(50:30:15, v/v) for the analysis of 6b- and 16a-testosterone
oxides and 0.05 M sodium phosphate (pH 7.1):MeOH (80:20,
v/v) for p-NP and p-NPG were used. The mobile phases were
pumped through the column at a speed of 1.0 mL/min. The
detection limits of TOHs, p-NP and p-NPG in the reaction
mixture by the HPLC methods used were equivalent to the
enzymatic activities of 0.012, 0.0025, and 0.125 nmol/min/mg
protein, respectively.

RESULTS

Enzymatic Activities in the Microsomes

Testosterone 6b- and 16a-hydroxylation, p-NA demeth-
ylation, and p-NP glucuronidation activities are shown in Fig.
1, A–D. Both testosterone hydroxylation activities in G-mic/
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SCa and G-mic/SU prepared by the scraping method could
not be found in the HPLC system. On the other hand, tes-
tosterone 6b-hydroxylation activities in the G-mic/ECa and
G-mic/EU prepared by the EDTA-separation method were
0.185 ± 0.020 and 0.289 ± 0.005 nmol/min/mg protein, respec-
tively, and 16a-hydroxylation activities were 0.0875 ± 0.017
and 0.223 ± 0.041. The hydroxylation activities in the L-mic/U
and G-mic/EU prepared by the ultracentrifugation method
were higher than those in the L-mic/Ca and G-mic/ECa pre-
pared by the Ca-aggregation method (Fig. 1, A and B). The
activities in the G-mic/SCa and G-mic/SU for the oxidative
demethylation from p-NA to p-NP were 0.00401 ± 0.00055
and 0.00440 ± 0.00111 nmol/min/mg protein, respectively,
whereas the demethylation activities (0.00757 ± 0.00084 and
0.01140 ± 0.00020 nmol/min/mg protein, respectively) in the
G-mic/ECa and G-mic/EU were higher than those in the G-
mic/SCa and G-mic/SU prepared by the scraping method
(Fig. 1C). The demethylation activities in the L-mic/Ca and
L-mic/U were 0.0186 ± 0.0018 and 0.0317 ± 0.0004 nmol/min/
mg protein, respectively.

p-NP glucuronidation activities in the G-mic/SCa, G-mic/
SU, G-mic/ECa, G-mic/EU, L-mic/Ca, and L-mic/U were
0.055 ± 0.008, 2.21 ± 0.3, 2.49 ± 0.24, 6.92 ± 0.83, 10.5 ± 1.4 and
28.2 ± 1.7 nmol/min/mg protein, respectively.

Stabilities of the Enzymatic Activities in the Microsomes

The results of time course experiments for a period of 30
days for testosterone 6b- and 16a-hydroxylation, p-NA de-

methylation, and p-NP glucuronidation activities in the G-
mic/EU are shown in Fig. 2, A–D. In all of the enzymatic
reactions tested, the activities in the microsomes stored at
−80°C did not decrease significantly. When the microsomes
were stored at 4°C, both testosterone hydroxylation activities
almost disappeared. The demethylation activity against p-NA
remained at only 30% after 30 days at 4°C, whereas the gluc-
uronidation activity against p-NP did not change significantly
in the same microsomes at 4°C during 30 days.

DISCUSSION

In the recent reports, observations of drug metabolism in
rat enterocytes using small intestinal microsomes varied
widely among the researchers regarding enzymatic activities
and the contents of the enzymes. Zhang et al. (14) reported
that rat enterocytes included only a small amount of CYP3A,
whereas other groups (3,15) reported that some drugs me-
tabolized by the CYP3A subfamily were oxidized in the rat
small intestinal microsomes (G-mic) with strong activities,
comparable to that of hepatic microsomes (L-mic). Bon-
kovsky et al. (9) indicated that the P450 content in rat small
intestinal microsomes obtained by the scraping method was
lower than that prepared by EDTA treatment of small intes-
tinal epithelial cells. We assumed that these different results
might be attributable to the different procedures for the
preparation of the small intestinal microsomes (G-mic).

Although many researchers select a procedure (the
scraping method) that involves scraping the enterocytes with

Fig. 1. The activities of (A) testosterone 6a-hydroxylation, (B) testosterone 16a-hydroxylation, (C) p-nitroanisole demethyl-
ation, and (D) p-nitrophenolglucuronidation in each of the microsomes. Each point and vertical bar represents the mean ± SD
of five experiments.
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a microscope slide and then preparing microsomes (G-mic/
SU) by ultracentrifugation of the enterocyte homogenate,
there is another procedure (EDTA-separation method) that
separates the enterocytes by EDTA treatment of the small
intestinal epithelial cells and then prepares the microsomes
(G-mic/E). Furthermore, the preparation of microsomal frac-
tions from the enterocytes is classified in two procedures; one
is a procedure (Ca-aggregation method) that obtains micro-
somal fractions (G-mic/ECa) by aggregation adding Ca ion,
and the other is a procedure (ultracentrifugation method)
that obtains microsomal fractions (G-mic/EU) by ultracentri-
fugation of the enterocyte homogenate.

In this study, we prepared four kinds of small intestinal
microsomes (G-mic/SCa, G-mic/SU, G-mic/ECa, and G-mic/
EU) by combinations of these methods described previously
in the “Materials and Methods” section and investigated tes-
tosterone 6b- and 16a-hydroxylation activities, oxidized with
CYP3A and CYP2B/2C. Although it is known that CYP2B
and CYP2C cause testosterone 16a-hydroxylation to progress
in rat liver (16), Fasco et al. (17) reported that the CYP2C
activity on warfarin oxidation could not be detected in rat
G-mic prepared by a combination of EDTA-separation and
ultracentrifugation procedures, being very similar to our G-
mic/EU. Therefore, the testosterone 16a-hydroxylation in the
rat G-mic might be caused by the CYP2B subfamily, which
exists in rat enterocytes.

The activities in the G-mic/SCa and G-mic/SU, however,
were not detected under the detection limits (equivalent to

0.012 nmol/min/mg protein) in the HPLC system. On the
other hand, G-mic/ECa and G-mic/EU indicated enzymatic
activities in both hydroxylation reactions (Fig. 1, A and B).
These findings elucidated that the scraping procedure injured
the enzyme activities in the G-mic significantly. The demeth-
ylation activities of p-NA by CYP1A1 in the G-mic/SCa and
G-mic/SU were about half of those in the G-mic/ECa and
G-mic/EU, respectively.

The p-NP glucuronidation activity in the G-mic/SCa was
almost zero. The activity in the G-mic/SU was almost equal to
that in the G-mic/ECa and was approximately 0.3 times that
in the G-mic/EU, respectively.

The results obviously suggested that the scraping process
in the preparation of the intestinal microsomes caused some
damage to the enzyme activities in the enterocytes and that
the damage level was different with the species of enzymes
and subfamilies. Although we added PMSF as a serine pro-
tease inhibitor in the microsomal preparation process, prob-
ably, this damage might be caused by the effect of digestive
enzyme(s) in the alimentary canal. It may be speculated that
since the scraping handling crushes the enterocytes directly,
the enzymes in the endoplasmic reticulum received large
damage by the digestive enzyme(s), before PMSF shows its
effect. Furthermore, the effect of the digestive enzyme(s) may
be different among CYP subfamilies (as CYP3A and CYP1A,
Fig. 1).

The CYP1A1, 3A, 2B, and UGT activities in the G-mic/
EU were higher than those in the other G-mic (G-mic/SCa,

Fig. 2. The effects of storage temperature on the activities of (A) testosterone 6b-hydroxylaiton, (B) testosterone 16a-
hydroxylation, (C) p-nitroanisole demethylation, and (D) p-nitrophenol glucuronidation in the rat intestinal microsomes (G-
mic/EU). Each point and vertical bar represents the mean ± SD of five experiments.
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G-mic/Eca, and G-mic/SU) (Fig. 1). The oxidation and gluc-
uronidation activities in the L-mic/U prepared from rat liver
were higher than those in L-mic/Ca.

We examined the stability of enzymes in the small intes-
tinal microsomes using G-mic/EU. Not only CYP1A1, 2B,
and 3A but also UGT activities were almost stable for 30 days
when stored at −80°C (Fig. 2). However, testosterone 6b- and
16a-hydroxylation activities by CYP3A and 2B were gradu-
ally decreased at 4 and −20°C, respectively (Fig. 2, A and B).
The decline in p-NA demethylation activity by CYP1A1 was
slower than those of CYP3A and 2B (Fig. 2C). The UGT
activity detected by p-NP glucuronidation was very stable for
30 days even at 4°C and did not change the activity signifi-
cantly (Fig. 2D).

In conclusion, the enzymatic activities (CYP 1A1, 3A,
2B, and UGT) in small intestinal microsomes differed with
the preparation procedures. The small intestinal microsomes
prepared by the following procedure possessed high CYP3A
activity: Separating the enterocytes with EDTA from the
small intestinal mucosa and then obtaining the microsomal
fraction (G-mic/EU) by ultracentrifugation, regardless of the
kind of enzyme. In the case of hepatic microsomes, the mi-
crosomes (L-mic/U) obtained from the liver homogenate by
the ultracentrifugation method possessed high enzyme activi-
ties. To understand the first-pass metabolism of an oral drug
when absorbed through the alimentary canal mucosa, it is
very important to employ the small intestinal microsomes
with high enzymatic activities in in vitro studies.
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