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ABSTRACT:

UDP-glucuronosyltransferase is expressed in the proximal convo-
luted tubular cells of rat kidney. Kidney perfusion with a Krebs-
Henseleit buffer containing 1-naphthol was performed to estimate
the dynamics and disposition of the glucuronide conjugate formed
in the epithelial cells of the renal tubules. When 1-naphthol was
injected into the renal artery, and the perfusate from the renal vein
was returned to a reservoir and recirculated through the kKidney
preparation (recirculating perfusion), most of the 1-napthol was
immediately excreted into the vein as a glucuronide conjugate and
its concentration increased rapidly. In contrast, the 1-napthol gluc-
urcnide appeared more slowly in the urine. 1-Naphthol was also
injected during the initial 5 min of perfusion under single-pass

perfusion conditions (single-pass perfusion} in situ, and the me-
tabolite and parent compound in the venous perfusate and in urine
were assayed. Under this condition, most of the 1-naphthol gluc-
uronide was excreted into the rena! vein, and not urine. Phenol
UBP-glucuronosyitransferase was highly induced in the rat Kidney
by pg-naphthoflavone treatment. Moreover, the amount of 1-naph-
thol glucuronide excreted in the renal vein was increased 2.7-fold
in the perfused kidney of B-naphthoflavone-treated rats, but the
amount in the urine was not significantly increased under single-
pass perfusion conditions. These results indicate that the kidney
can glucuronidate phenolic xenobiotics in epithelial cells of the
tubules and excrete the resultant glucurenide into the renal vein.

Extensive oxidation, reduction, hydrolysis, and conjugation reac-
tions of xenobiotics can occur in the kidney (Lohr et al.,, 1998).
Moreover, renal drug metabolism can be a critical determinant of risk
to chemical injury {(Lash, 1994). Most drugs and environmental tox-
icants are eventually excreted into the urine as glucuronides. Kidney
perfusion of drugs is a useful means for estimating the formation and
excretion pathways of glucuronides. For example, after isolated kid-
ney perfusion with 1-naphthol, most of the chemical was glucu-
ronidated and excreted into the urine (Redegeld et al., 1988). Phenol
UDP-glucuronosyltransferase, which glucuronidates various phenolic
xenobiotics such as 1-naphthol, was shown to be expressed in epithe-
lial cells of proximal convoluted tubules of normal rats and also in the
cells of the distal tubules of B-naphthoflavone-treated rats (Yokota et
al., 1997). Determination of the direction of efflux of the glucuronide
formed in the cells is important to estimate the drug dynamics not only
in the kidney but also in the whole body. The excretion direction
depends on the focations of ATP-binding cassette (ABC) transporter
members, such as multidrug resistance-associated protein (MRP),
which transport drug-glucuronide out of the cells (Borst and Elferink,
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2002). MRP1 and MRP3 are expressed at the basolateral membrane
and MRP2 is expressed at the apical membrane in epithelial cells of
renal tubules (Borst and Elferink, 2002). However, the direction of
glucuronide transportation out of the cells is not known.

In this study, a l-naphthol glucuronide, a major metabolite that is
excreted into urine and veins from the perfused kidney, was analyzed,
and most of the metabolite was found in veins as a glucuronide, The
results indicate that excretion of 1-naphthol glucuronide out of epi-
thelial cells of renal tubules occurs predominantly across the basolat-
eral membrane.

Materials and Methods

Chemicals. Cholic acid, purchased from Nissui Yakuhin Co. (Tokye,
Japan), was further purified and converted 10 its sodium salt (Imai, 1979}
UDP-glucuronic acid was obtained from Nakarai Yakuhin Co. (Kyoto, Japan).
1-Naphthol was purchased from Kante Chemical Co. (Tokyo, Japan). High-
performance liquid chromatography (HPLC)-grade acetenitrile was obtained
from Labscan Ltd. (Dublin, Ireland). B-Glucurcnidase was obtained from
Sigma-Aldrich (St. Louis, MO). Other reagents were of the highest grade
available.

Animals. Male Sprague-Dawley rats {8 weeks old, 250-280 g) were used
in all experiments. The rats were housed under standard conditions and given
food and water ad libitum before use. The rats were handled according to the
Laboratory Animal Control Guidelines of Rakuno Gakuen University based on
the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health in the United States.

Surgical Procedure and Kidney Perfusion. The rats were anesthetized by

ABBREVIATIONS: ABC, ATP-binding cassette; MRP, multidrug resistance-associated protein; HPLC, high-performance liquid chromatography:

UGT, UDP-glucuronosyltransferase.
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intraperitoneal injection of 60% wrethane (0.3 ml/100 g body weight). Whole
kidney perfusion was performed according to methods previously reported by
Bowman (1975) and de Vries et al. (1989). Briefly, after anesthesia, the
abdominal cavity was exposed by a ventral incision and the right ureter was
cannulated with PE-10 polyethylene tubing (BD Biosciences, San Jose, CA),
and then sodium heparin (£000 LU.) was administered by an i.v. injection into
the tail vein. Subsequently, the right renal artery was cannulated with a 21
gauge needle via the superior mesenteric artery. The vascular perfusate was a
Krebs-Henseleit buffer containing 65 bovine serum altumin, 5 mM glucose,
2 mM glutamine, 2 mM glutathione, and 2 mM alanine. The buffer solution
was aerated by 95% O, + 5% CO, and the pH was adjusted to 7.4. Several
concentrations of substrate in the solution were iested, and full metabolites
were obtained at 50 uM substrates in 30 ml of solution. These buffer solutions
were maintained in a water bath at 37°C. The perfusion systemn consisted of a
peristaltic pump (MP-32N, EYELA Co., Tokyo, Japan) and silicone tubes as
illustrated in Fig. 1. The perfusion flow was maintained at 10 to 13 mV/min, and
perfusion pressure was monitored.

Recirculating perfusion. The isolated kidney was fixed in a recirculating
apparatus containing Krebs-Henseleit buffer (30 ml) as shown in Fig. 1. The
buffer soluticn, which was mixed with the gas (95% O, + 5% CO,), was
perfused into the right renal artery, and the perfusate buffer yielded from the
vein was returned to a reservoir and was recirculated through the kidney
preparation {recirculating perfusion). The urine excreted out of the perfused
kidney was collected as shown in Fig. 1 (final volume, 1.6 ul). An equilibra-
tion period of 15 min was conducted. Then 1-naphthel was added to the buffer
soluticn {final concentration of 50 pM in 30 ml of solution}. The substrate
butfer solution was injected into the artery, and the resultant perfusate from the
vein was mixed with the substrate buffer solution. Recirculation was continued
for 40 min.

Single-pass perfusion. The perfusion was carried cut in a flow-through
meode. Preliminary perfusion was done for 15 min. Then, after a 5-min interval,
the substrate buffer sclution was perfused, and this was followed by re-
perfusion of the Krebs-Henseleit buffer solution. After perfusion of the sub-
strate buffer, the excreted urine and perfusate in the vein were sampled and
assayed for metabolites by HPLC.

Viability. The viability of the perfused kidney was monitored by measuring
glucose ‘and albumin reabserption (>>95%), and by measuring creatinine clear-
ance for glomerutar filtration and p-amirohippuric acid clearance for tubular
secretion. These parametess were al! found to be within the expected normal
ranges.

HPLC Analysis of Reaction Products. The perfusate and urine were

Fig. 1. Scheme of recirculating perfusion of the rut isolated kidney. The isolated
kidney (k) was fixed in a tube containing Krebs-Henseleit buffer containing 6%
bovine serum albumin, and the buffer solution (total, 30 ml} was pumped (p)
through the kidney at 18 ml per min. The buffer solution was gassed with 95% O,
+ 5% CO, (g)- The urine (final volume = 1.6 ml) was ccllected in a sample ube
(). &, artery; v, vein; u, ureler; r, reseTvoir.
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filtered for removing proteins using Artkiss {Advantec Toyo Co., Tokyo,
Japan). The filtered sclution was stored at —80°C until analysis. Samples were
analyzed by HPLC {Tosoh Co., Tokyo, Japan) according to the method
described previously (Yokota et al., 1999; Daidoii et al., 2003).

B-Glucorenidase Reaction. For confirmation of I-naphthol glucuronide,
excreted metabolites were treated with f-glucuronidase using the method
described previously (Yokota et at., 1999; Daidoji et al., 2003). The reaction
was allowed to proceed for 30 min at 37°C in a mixture of 100 pl of 0.5 M
acetate buffer (pH 4.5), B-glucuronidase (2.5 mg/ml), and diluted perfusate.
The reaction mixiure was then boiled and centrifuged for 5 min at 9000g. The
supernatant was filtered through a disposable disk filter (HLC-DISK 3; Kanto
Co., Tokyo, Japan) and analyzed by HPLC.

Treatment of Rats and Preparation of Microsomes. 3-Naphthoflavone
was dissolved in olive oil and orally administered at doses of 100 mg/kg of
body weight daily for 4 days. The rats were killed 1 day after the final dose,
The rat kidney was minced and homogenized with 4 vol of 0.15 M KC1
solution containing | mM EDTA. The hemogenate was centrifuged for 15 min
at 9000g, and the supernatant fraction was centrifuged at 105,000g for 60 min
to obtain microsomes.

Enzyme Analysis and HPLC. Renal microsomal UDP-glucuronosylirans-
ferase activities toward 1-naphthol were assayed in 200 pl of 50 mM Tris-HCl
buffer (pH 7.4), 5 mM UDP-glucuronic acid, 0.5 mM MgCl, containing 0.25
mM I-naphthol at 37°C. The resultant enzyme reaction products were filtered
through a disposable disk filter (HPLC-DISK 3; Kante Co.) and analyzed by
an HPLC system consisting of a Tosoh TSKgel 80TM reversed phase column
(7.8 mm X 30 cm). The fiftered samples were injected and eluted with an
acetonitrite/H,O/acetic acid (35:65:0.1 v/v) solution. [-Naphthol glucuronide
was determined by using authentic standards.

Results

Recirculation Perfusion. Several concentrations of substrate (1-
naphthol) in the solution were tested in a pilot experiment, and
quantitation time course data were obtained at a substrate concentra-
tion of 50 uM in 30 ml of solution. After injection of 1-naphthol into
the rat renal artery with perfusion buffer over a period of 30 min, the
concentrations of 1-naphthol glucuronide in the perfusate buffer and
urine (Fig. 1) were determined by HPLC as described under Marerials
and Methads. 1-Naphthol glucuronide was detected immediately, and
its concentration increased rapidly in the vein after recirculating
perfusion (Fig. 2). However, glucuronide in the urine was excreted
very slowly (Fig. 2). After 30 min of recirculation, the total amount of
1-naphthol glucuronide in the perfusate and in the urine was calcu-
lated to be 0.99 pmeol (38 pM X 26 ml of perfusate, 66% of the total
1-naphthol dose), and 17.7 nmol (6.8 uM X 1.6 ml of urine, 0.007%
of dose). These results suggested that 1-naphthol was glucuronidated
in the proximal convolution tubular cells and was excreted into the
renal vein, and that the glucuronide appeared in the urine only after
filtration of recirculated perfusate in the kidney glomerulus. To test
this hypothesis, a single-pass perfusion experiment was performed.

Single-Pass Perfusion. As shown in Fig. 3, the perfusion buffer
was injected into the kidney artery in situ, and then the perfusate
excreted from the renal vein was collected. The urine was also
collected (single-pass perfusion), and the collected samples were
aralyzed by HPLC. 1-Naphthol or bisphenol A was injected into the
renal artery over a period of only 5 min, and then the kidney was
perfused with the buffer. The amounts of chemicals and their glucu-
ronides were monitored, and the results are shown in Fig. 4. Large
amounts of free {-naphthol and the glucuronide were observed in the
perfusate from the renal vein (B0% vield) (Fig. 4A). Both were
detected in the urine in very small amounts (Fig. 4A). Bisphenol A
was detected only in the perfusaie as unconjugated free compound
(95% yield) (Fig. 4B). Renal microsomal UDP-glucuronosyltrans-
ferase activity toward l-naphthol was induced about 3.4-fold by
B-naphthoflavone treatment (Table 1) as previously described
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Fig. 2. 1-Naphthol glucuronide in the rat vein and urine during recirculating
perfusion of the isolated kidney. The isolated kidney was fixed in a recirculating
apparatus containing Krebs-Henseleit buffer as shown in Fig. 1. 1-Naphthol was
added to the buffer selution (final concentration of 50 M it 30 ml of solution). The
buffer solution, which was mixed with gas (%5% O, + 5% CQ,), was perfused into
the kidney artery, and the perfusate buffer yiclded from the renal vein was returned
to a reserveir and was recirculated through the kidrey preparation (recirculating
perfusion). Amounts of 1-naphthol glucuronide formed in the renal vein (M) and in
urine (@) were determined by HPCL analysis as described under Materials and
Methods. After 30 min of perfusion, the total amount of 1-naphthel glucuronide in
the perfusate and in the vrine was calculated to be 0.99 umol and 17.7 nmol,
respectively.
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FiG. 3. Scheme of in situ single-pass perfusion of the rat kidaey. Krebs-Henseleit
buffer containing 6% bovine serum albumin that was mixed with gas (95% O, +
5% CQ,) was injected into the kidney artery in situ, and then the perfusate excreted
from the renal vein was collected. The urine was also collected {single-pass
perfusion), and the collected samples were analyzed by HPLC. 1-Naphthel or
bisphenol A was injected into the renal ariery over a period of only 5 min, and then
the kidney was perfused with the buffer. S, substrate solution; K, Krebs-Henseleit
perfusion buffer.

(Yokota et al.. 1997). 1-Naphthol was perfused in kidneys from
B-naphthoflavone-treated rats, and the results are shown in Fig. 5.
After single-pass perfusion, the amount of 1-naphthol glucuronide
excreted in to the vein was increased in the kidney of the rat treated
with B-naphthoflavone; however, the glucuronide in the urine was not
significantly affected by the treaunent (Fig. 5). Total amounts of
I-naphthiol glucuronide in the renal vein and urine after perfusion for
40 min are shown in Table 1. About 80.39% and 93.8% of the total
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Fig. 4. Merabolites of 1-naphthol and bisphenol A after single-pass perfusion.
Kidney perfusion with E-naphthol (A} and bisphenol A (B} was performed as
described under Marerials and Methods and shown in Fig. 3. Parent drug and the
metabolites in the renal vein and urine were assayed by HPLC. Amounts of free
1-naphthol (A in the vein and € in the urine) and 1-naphtkol glucuronide (O in the
vein and # in the urine} are shown in panel A. Amount of free bisphenol A (A in
the vein and < in the urine) and bispheno! A-glucuronide (O in the vein and = in
the uring) were shown in pancl B. About 80% and 98% of the perfused chemicals,
I-naphthol and bisphenol A, respectively, were recovered,

TABLE |

UDP-glucuronosyliransferase activities toward 1-naphthol in kidney microsomes
and the amounis of 1-naphihol glucuronide in the vein and urine during 40 min
of single-pass perfusion

Rats were administered B-naphthoflavone intraperitoneally, and renal microsomal UDP-
glucuronosyliransferase activity toward 1-naphthol was assayed as described under Materials
and Metheds. Single-pass perfusion of the Kidney with l-naphthol was performed, and the
resullant glucuronide in the vein and urine was assayed by HPLC. Tota! amounts of the
glucuronide during 40 min of perfusion ar¢ shown as nanomcles. Data are presented as
means * S.E. of three animals.

Tetal Excreted Glucuronide

Treatments UGT Activity
Vein Urine
nmob/mining nmofl
Control 8.85 + 0.80 143 335 I5+09
B-Naphthoflavone 2995 £ 5.93 393+ 67.6 59+ 195

amount of the glucuronide formed was excreted into the renal veins of
control and B-naphthoflavone-treated rats, respectively (Table 1). The
amounts colleccted from the renal veins of treated rats were about
2.8-fold greater than that from the veins of control rats (Table 1).

Discussion

UDP-glucuronosyliransferase, has been shown to be present in
epithelial cells of proximal convoluted tubules of the rat kidney
(Yokota et al., 1997). UGTLAS6, an isoform of the enzyme that
glucuronidates phenolic substances such as 1l-naphthol, but not
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Fig. 5. Amounts of metabolites of 1-naphthol after single-pass perfusion of the
kidneys of control and B-naphthoflavone-treated rats, B-Naphthoflavone was ad-
ministered to rats as described under Materials and Methods, and then kidney
perfusion with 1-naphthol was performed by the single-pass methed. Amounts of
1-naphthol ghscuronide in the vein (A, control rats; O, B-naphthoflavone-treated
rats) and in the urine (=, centrol rats; [J, B-naphthoflavone-treated rats) are shown.

UGT2B1, an isoform that glucuronidates bisphenol A, was recently
reported to be expressed in the rat kidney (Shelby et al., 2003). These
findings agree with our results showing that formation and excretion
of I-naphthol glucuronide, but not bisphenol A glucuronide, was
observed in the renal vein and urine from the kidney perfusion model.
1-Naphthol was principally metabolized to 1-naphthol glucuronide
and excreted in large amounts into the urine following recirculating
perfusion of the kidney (Redegeld et al., 1988; de Vries et al., 1989).
We also obtained the same results with recirculating perfusion of the
kidney (Fig. 2). In contrast, most of the I-naphthel glucuronide was
detected only tn the renal vein after single-pass perfusion, suggesting
renal formation and preferential excretion of the glucuronide across
the basclateral membrane. However, it is possible that some of the
glucuronide excreted into the tubular filtrate side may be reabsorbed
by tubular epithelial cells and diffuse into the renal vein. UDP-
glucaronosyltransferase was induced and detected in the epithelial
cells not only of the proximal convoluted tubules but also of the
straight portion of the distal tubules after B-naphthoflavone treatment
of rats (Yokota et al., 1997). The amount of the resultant glucuronide
formed in the perfused kidney was increased in proportion to the
enzyme activity of renal microsomal UDP-glucuronesyltransferase in
S-naphthoflavone-treated rats. An additional cause of an increase in
1-naphthol glucuronide in the renal vein was thought to be induction
of the transporters mediating the glucuronide transport. These results
indicate that 1-naphthol glucuronides are transported into the renal
vein from epithelial cells of proximal and distal tubules.

The membrane proteins belonging to the ABC transporter family
play an important role in the extrusion of many substrates and me-
tabolites from celis (Borst and Elferink, 2002). Members of the ABC
family of MRPs, such as MRP1, MRP2, and MRP3, accept glucuro-
nide conjugates. In the liver, MRP2 mediates the efficient biliary
excretion of glucurcnides and is expressed on the bile canalicular
membrane (Borst and Elferink, 2002). MRPZ is expressed not only in
the liver but also in the kidney, where it is located in the apical
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membrane of epithelial cells (Schaub et al., 1997). Significant distur-
bance of renal clearance of 1-naphthol glucuronide was found in
isolated perfused kidneys of TR~ (transport-deficient) rats, which are
deficient in MRP2 (de Vries et al., 1989), indicating that 1-naphthol
glucuronide is a substrate of MRP2, Thus, MRP2 could be responsible
for the secretion of 1-naphthol glucuronide into the urine (13-20% of
total glucuronide). MRP1 and MRP3 are expressed at basolateral
membranes of distal convoluted tubular epithelial cells (Kool et al.,
1999; Van Aubel et al., 2000; Scheffer et al., 2002), but neither of
them appears to be expressed in the proximal tubule (Peng et al.,
1999). MRP1 and MRP3 are thought to transport 1-naphthol glucuro-
nide across the basolateral membranes of distal convoluted tubular
epithelial cells into the renal vein in S-naphthoflavone-treated rats, but
the transporter in proximal tubular epithelial cells in which UDP-
glucuronosyltransferase is expressed under normal conditions is un-
known. Since the direction and speed of glucuronide excretion de-
pends on the location and properties of the transporter in epithelial
cells, it is important to identify the transporter.

Based on the results described above, it is concluded that 1-naph-
thol injected into the renal artery is absorbed into epithelial cells and
glucuronidated. The resultant glucuronide is transported primarily
across the basolateral membrane into the vein and circulates through
the whole body. The glucuronide is then filtrated through the glomer-
ulus of the kidney mto urine,
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Abstract

The maturation of murine cecal microbiota was determined by terminal restriction fragment polymorphism (T-RFLP) and 165
TRNA gene clone libraries. Cecal microbiota in specific pathogen free (SPF) mice aged four to 10 weeks were collected. The cluster
of samples in 4-week-old mice was different from those of other ages based on T-RFLP profiles. The majority of clones obtained in
this study belonged to the Clostridium coccoides (C. coccoides) group, the Bacteroides group or the Lactobacillus group. Phylogenetic
analysis showed characteristic clusters composed of new operational taxonomic unit (OTU) of the C coccoides and Bacteroides
groups. The existence of a large number of yet unidentified bacteria inhabiting the murine cecum was demenstrated by 165 rRNA
gene clone libraries. T-RFLP analysis data were more complex and more sensitive than the patterns generated by computer sim-
ulation of 165 TRNA gene clone library analysis data. T-RFLP revealed development with maturation of cecal microbiota including

unidentified bacteria of SPF mice.

© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.

Keywords: Unidentified cecal microbicta; Maturation; SPF mice; T-RFLP; 165 tRNA gene

1. Introduction

The microbial ecology of intestinal tract in animals is
composed of a [arge number and variety of bacteria. The
indigenous intestinal microbiota play an important role
in the health of the host animal. It is also known that
intestinal microbiota can significantly be influenced by
diets and other factors, such as the host and the envi-
ronment. Therefore, many efforts to study microbial
communities in the intestinal tract have focused on host-
micrebial relation, Experimental animal studies are in-
dispensable when formulating basic concepts of the

" Corresponding author. Tel: +8[-48.467-9562; fax: +8].48-462.
4619.
E-mail address: r-kibed jernriken jp (R. Kibe}.

microbial ecology of the intestinal tract. Many reports
have been published on the intestinal microbiota of mice
using culture-based methods [1,2]. However, culture-
based methods are inapplicable to non-cultivable bac-
teria and are selective for readily cultivated bacteria.
Consequently, culture-independent methods have be-
come indispensable tools for this tvpe of research,
among which PCR is a core technique. Terminal re-
striction [ragment pelvmorphism (T-RFLP) allows the
assessment of complex bacterial communities, rapid
comparison of the community siructure and diversity of
different ecosystems [3]. T-RFLP analysis was applied to
charactenize human fecal microbiota among individuals
[4,5] and to compare mucosal microbiota in the terminal
ileum of mice [6]. Recent studies of murine intestinal
microbiota using molecular methods dependent on 168

0378-1097/322.00 © 2004 Federation of European Microbiclogical Societics. Published by Fleevier B.V. All rights reserved.
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rRNA gene sequences revealed the existence of many
previously unidentified microorganisms in intestinal
tract of mice [7,8] In this regard, the cecum is known to
contain the largest number and the greatest diversity of
bacteria in the intestinal tract of mice [9] however, the
cecal microbiota of mice is still ill-defined. As far as we
use mice in experinlents, we need to know the structure
of microbiota of mice. The purpose of this study was to
elucidate the complexity and bacterial diversity of the
murine cecal microbiota with maturation by T-RFLP
and 168 rRNA gene libraries.

2. Materials and methods
2.1, Animals

CS57BL/6 mice kept under specific-pathogen-free
(SPF) conditions, at the Department of Animal Exper-
iments, Brain Science Institute, RIKEN, Saitama, Ja-
pan, were used in all experiments. They were housed in
metal cages with TEK-FRESH (Edestrom Japan} as
bedding and given RO water and y-radiation sterilized
commercial pellets (CLLEA Japan) ad libitum.

2.2, Sampling

Six female mice from four, five, six, seven and ten
weeks of age, and seven female mice from eight weeks of
age were used. Since the results of four weeks of age
were the most characteristic, 15 female mice from four
weeks of age were added and used in different terms. All
samples were collected randomly from several cages to
avoid potential litter and cage effects. Animals were
sacrificed by cervical dislocation, and their cecal con-
tents were removed and were stored at —80 °C as the
sample of intestinal microbial community.

2.3. Cell lysis and DNA isolation from cecal samples of

niice

The DNA was isolated from cecal samples using
Ultra Clean™ Soil DNA Isolation Kit (Mo Bio Labo-
ratories). The sample (0.05 g} was suspended in bead
solution containing 5 mgml™' lysozyme and 0.08 mg
ml~! N-acetylmuramidase, and incubated for 30 min at
37 °C for cell lysis. DNA extraction and purification
were based on the methods described by Clement and
Kitts [10} with some modification.

2.4. PCR amplification for T-RFLP analysis

A pair of universal primers, 27f (5-AGAGTTTGA
TCCTGGCTCAG-3) and 1492y (5-GGTTACCT TGT
TACGACTT-3) [11], were used for PCR amplification.
27f was labeled with 6-FAM (é-carboxyfluorescein,

Applied Biosystems Japan). PCR was performed with a
Thermocycler T Gradient (Biometra) in a reaction
mixture (50 pl} containing 5 pl of dissolved DNA (100
ng), 1.25 U of TaKaRa Ex Tag™ (Takara), 10 x Ex
Tag™ buffer, 4 pl of ANTP mixture (2.5 mM cach), and
10 pmol of each primer. The amplification program used
was as follows: preheating at 95 °C for 3 min; 30 cycles
of denaturation at 95 °C for 30 s, annealing at 50 °C for
30 s, and extension at 72 °C for [.5 min; and finally
a terminal extension at 72 °C for 10 min. Amplified
DNA was verified by 1.5% agarose gel electrophoresis.
PCR products were purified by the PEG precipitation
method [4].

2.5. T-RFLPF analysis

Purified PCR products were digested with 20 U of
either Hhal or Mspl (Takara) in a total volume of 10 pl
at 37 °C for 3 h. The lengths of the terminal restriction
fragments (T-RFs) were determined with the standard
size marker GS500 ROX and 1000 ROX (Applied Bio-
systems) using ABI PRISM™ 310 genetic analyzer
(Applied Biosystems) and GeneScan® Analysis Software
{Applied Biosystems). Dendrogram analysis was per-:
formed using T-RFLP patterns by software BioNum-
erics (Applied Maths). Dendrogram analysis was based
on the similarity coeflicient, for the objective interpre-
tation of the difference of T-RFs patterns. The distances
between samples were represented graphically by con-
structing a dendrogram based on the Pearson’s corre-
lation coefficients and Jaccard matching coefficients of
T-RELP profiles. Unweighted pair-group method with
arithmetic mean (UPGMA) was used for establishing
the dendrogram type.

2.6. PCR amplification of 165 rRNA gene sequences,
cloning

The samples used for cloning and sequencing were
from two mice 4 weeks of age and two mice 8 weeks of
age. The 165 rRNA gene was amplified using two uni-
versal primers 27f and 1492r [11]. PCR was performed
with 2 Thermocycler T Gradient (Biometra) in a total
volume of 100 pl containing 5 pi ef dissolved DNA, 2.5
U of TaKaRa Ex Tag™, 10 x Ex TagT™ buffer, § pl of
dNTP mixture (2.5 mM each), and [0 pmol of each
primer. PCR conditions used were preheating at 85 °C
for 3 min; 135 cycles of denaturation {30 s at 93 °C), an-
nealing (30 s at 30 °C), and extenston (1.5 min at 72 °C),
with a final extension at 72 °C for 10 min. These PCR
conditions avoid preferential amplification [12]. The
amplified 16S rRNA genes were purified with an Ultra-
Clean PCR Clean-up Kit (Mo Bio Laboratories). Puri-
fied amplicons were cloned into pCR®2.1 vectors
(Invitrogen), and One Shot® INVaF’ (Invitrogen) com-
petent cells were transformed. Transformants were ran-
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domly picked and purified with Montage™ Plasmid
Miniprep 96 Kit (Millipore).

2.7. DNA sequencing and phylogenctic analysis

Cycle sequencing was performed with the Big Dye®
Terminator v3.1 Cycle Sequencing Kit {Applied Bio-
systems), 27f or 520r primers, and ABI PRISM™
3100 Genetic Analyzer (Applied Biosystems). Addi-
tionally, sequences which belonged to new OTU were
determined with 520f or 920r primers. All sequences
were examined for possible chimeric artifacts by the
CHECK CHIMERA program of the Ribosomal Da-
tabase Project (RDP) [13] and compared with similar
sequences of the reference organisms by BLAST scarch
[14] and SIMILARITYRANK program [13]. Previ-
ously determined 165 rRNA sequences were used for
compatisons in this study and were retrieved from the
DDBJ, EMBL, and GenBank nucleotide sequence
databases. Sequence data were aligned with the
CLUSTAL W package [15] and corrected by manual
inspection. Nucleotide substitution rates were calcu-
lated [16] and the phylogenetic tree was constructed
using the neighbor-joining method [17]. A bootstrap
resampling analysis [18] for I00 replicates was per-
formed to estimate the confidence of tree topologies.
The term “phylotype” is used for a cluster of clone
sequence that differed from known species by ap-
proximately 2%, and these clusters were at least 98%
similar to numbers within a cluster of clone sequence
[19].

2.8, Nucleatide sequence accession number

The sequence data determined in the present study
have been assigned DDBJ, EMBL and GenBank Ac-
cession Nos. AB120782 to AB120845, respectively.

3. Results and discussion

3.1. Comparison of cecal microbiota of mice of different
ages by T-RFLP analysis

In the present study, samples collected from 4- to 8-
and 10-week-old mice were used, because these age
groups were studied by many researchers. Common
and unique T-RTs were identified in T-RFLP profiles
of mice cecal samples. We performed dendrogram
analysis based on the Jaceard maiching coeflicients and
the Pearson’s correlation coefficients of T-RFLP pro-
files. UPGMA was used as the dendrogram type
(Fig. 1). Table 1 summarizes the differences between
age groups shown as similarity indices and p values of
paired comparisons. The p values indicate significance
of the similarity of the samples within each age group.
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Fig. 1. Dendrogram analysis of cecal microbicta of mice based on T-
RFLP (Jaccard matching coeflicients and UPGMA). Dotted line
represents the boundary between the cluster of 4-week old and the
cluster of other ages. 4*: samples of sccond sampling [rom four-week
age. The scale bar represents similarity indices (26).

Analysis of T-RFLP profiles of cecal microbiota of
different age showed significant differences between age
groups. Cecal microbiota in samples collected from 4-
week-old mice were different from those of others in
both dendrograms. Moreover, samples from 10-week-
old mice also formed different groups. There was no
significant group separation among samples [rom 3- to
8-week-old mice. However, similarity indices between
the same age showed that samples collected from mice
of all ages (except 4-week-old mice) were closely simi-
lar. Differences between samples of d-week-old mice
and those from other age groups were the most sig-
nificant because the similarity indices between the same
ape were often higher than those between different
ages. The p values were correspondingly higher
{(p < 0.001) between samples from 4-week-old mice and
others. The p values were also high for samples from
10-week-old mice. The results of the present study



142 R. Kibe et al. | FEMS Microbiology Letters 235 (2004) 139-146

Table 1
Comparisen of cecal microbiota in mice of the same and different age

Similarity indices Age (weeks)  Ape (weeks)

in same age

4 5 6 7 8 10
Jaccard matching coefficient
44 344+£77 4 272440 2734354 2631247 256260 233443
5-5 3514135 5 33482 11.5+6.7 375492 30.6 5.6
6-6 384135 6 - 3124£6.7 31.04£8.7" 26.1+5.8"
77 36.9+74 7 . 3284178 2854+ 4.3
8- 379+ 11.9 8 " : . 29.3+6.0
10-10 497+ 7.6 10 v -
FPearson correlation coefficient
44 46,7+ 188 4 34241024 3112126 27.2£12.0% 259124 33.8+ 14,3
5-3 7L.7+£10.2 5 455134 577106 524085 48.1£12.2
66 534£152 6 43.2+16.0° 3864185 357+17.6™
7-7 555+£10.8 7 ’ - 47.7+19.7 39.8+10.8
8-8 50.5+22.0 8 b 453+94
10-10 60.7113.2 10 - it - i
Similarity indices {mean + SD) are given, Similarity indices were calculated from comparisen between T-RFs patterns in each age group.
" p < 0.05.
“p <001,
" p < 0.001.

showed that cecal microbiota in samples collected from
4- and 10-week-old mice are different from those of
mice of other ages, as determined by T-RFLP. Fhese
results were confirmed by comparison of two dendro-
grams, the similarity indices and p values. These results
suggest that cecal microbiota changes drastically with
maturity after weaning, although there were also some
differences between the same age, ie., the individual
specificity difference exists in mice of the same age.
According to previous reports by culture and histo-
logical technique [2,9,20], cecal microbiota increased in
number from the second day to 4 weeks of age and
remained stable thereafter. T-RFLP results confirmed
the presence of marked variation in cecal microbiota of
4- to S-week-old mice, in agreement with previous
studies [2,9,20}.

3.2. Sequence and phylogenetic position of 165 rRNA
gene of cecal microbiota

Two samples each from 4 weeks and 8 weeks of age
were used for 165 rRNA gene clone library analysis
(MC41, MC42, MC81 and MC82, respectively). A to-
tal of 186 clones from four cecal samples were ana-
lyzed. The partial sequencing with the primer provided
about 520 bp or 920 bp of the 165 rRNA gene
(Escherichia coli position 27-520 and 27-920) [l1].
Although no exact 16S rRNA gene similarity limits
exist for defining specific taxa such as genus and spe-
cies, species definition in general requires sequence
similarities greater than 98% [21]. All clones were di-
vided into 87 species or phylotypes, and only seven
species (17 clones) had greater than 98% sequence

Table 2
Coemparison of the number of clones in 4- and $-week age of mice
Phyliogenetic group No. of clones {*5} Total (%)
d-week age g-week age
MC4I AC42 NC8E MCER2
Clostridium coccoides 25 (320 144297 4{8 3 8 (18.6) 31274
Closeridianm lepion 2h G127 6{12.5) 2(4.6) 15 (3.0
Clostridium botulinem 12 0(h 1 (2.0 0 (0 201m
Clostridinan thevrmocellum G (M 0t 1 (2.0 0 (M 1 (0.5)
Unclassified Clostridimm 0y 00y 1 {2.0) 0 (0) 1 {0.5)
Lacrobacitlus Bila.6) 13(27.0) 241 17 (39.5) 1 (215
Bacteroides 12250 12255 100208 T(la.2) 43 (240
Mycoplasma and relatives RN 24 214437 6 (139 2o {13.9)
“Deliaprareobacteria” 0 M 0 {ir} MEERT 214.6) 102N
“Epsilonproteohacteria’ 0ih 0uh 00y 1023 1 {0.5)
Total 48 47 43 43 186
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similarity to known species, The remaining nine (35
clones) and 71 (134 clones) sequences belonged to
“known phylotype” and “unknown phylotype”, re-
spectively. “Known phylotype” represents a clone with
more than 98% sequence similarity to the GenBank
database. “Unknown phylotype” represents a clone
with sequence similarity that is not closely related to
any organisms and whose 165 rRNA sequences are
currently deposited in the GenBank database. Se-
quences from the sample of 4-week-old mice were
classified into six phylogenectic groups and those from
8-week-old mice were classified into 10 phylogenetic
groups. Comparisons of the number of clones from
each sample are shown in Table 2. The majority of
clones obtained from this study belonged to the Clos-
tridium coccoides group, the Bacteroides group or the
Lactobacillus group. Most clones in samples of 4-week-
old mice were included in C. coccoides group, although
the clones isolated from 8-week-old mice were small in
number, Clones that belonged to the Mycoplasma and
relatives group were detected at higher incidence in
samples from 8- than 4-week-old mice. The **Delta-
proteobacteria” group and the “Epsilonprotecbacteria”
group were not detected in samples from the 4-week-
old mice. The existence of a large number of previously
unidentified bacteria in the cecum was detected by 16S
tRNA gene clone libraries. Moreover, these resuits
considered that the number of group diversity of mic-
robiota increased with age. However, obvious differ-
ences in the species structure of cecal bacteria between
4- and 8-week-old mice could not be confirmed by this
method. Godon et al. {22] reported the relationship
between number of sequences and cumulative number
of operational taxonomic unit (OTUs). In this study,
only 48 clones per sample were analyzed. There is
probably a need to analyze more clones in order to find
differences in the composition of cecal microbiota in
individual mice,

Many phylotypes in the C. coccoides group and the
Bacteroides group were found in the present study.
The results of phylogenetic analysis are shown in Fig. 2
{the C coceoides group) and 3 (the Bacreroides group).
Characteristic new clusters shared by both age-groups
were detected from these bacterial groups in this study,
The genus Clostridium is extremely heterogeneous, with
many species phylogenetically intermixed with other
spore-forming and non-spore-forming genera [23]. Fu-
siform bacteria, which are present in very large numbers
in the normal microbiota of rodents [24]. also belong to
the Clostridium group [25]). Their presence was docu-
mented to affect the cecal physiology [26]. Bacteria
found n this study may also affect the normal physiol-
ogy of the host. Bacreroides species, including Bacteri-
odes distasonis and Bacteroides acidifaciens, have been
isolated from the cecum of mice [27-29]. Salzman et al.
[8] reported new OTUs obtained {rom the murine

intestine and these were designated as mouse intestinal
bacteria (MIB). We confirmed that a characteristic
cluster in this report belongs to MIB (data not
shown).(See Fig. 3)

3.3, Comparison betwween T-RFLP analysis and 168
rRNA gene clone libraries

To compare the results of T-RFLP and 165 rRNA
gene clone libraries, we identified sequences obtained
from all samples by computer simulation of T-RFs
with Hhal or Mspl. Computer simulation analysis of
the sequences correlated with the T-RFLP profiles.
The Bacteroides group in the database was distributed
as genus specific T-RFs using both restriction enzymes,
about 100 bp (Hhal} and about 90 bp (Mspl) though
T-RFs of the C coccoides group were not specific. T-
RFLP patterns included sequences of T-RFs except for
only four clones. Previous siudies reported a' lack of
diversity when fecal DNA samples were amplified us-
ing a large number of PCR cycles [12.30]. Although
PCR-related bias affects almost all molecular methods,
it is not an exception in the T-RFLP analysis [31,32].
Whereas it is impossible to remove all biases in the
PCR, because all samples were analyzed consistently,
any biases affecting one sample should be seen also in
all samples. The amplification in T-RFLP was per-
formed for 30 cycles, while in clone libraries it was
performed for 15 cycles. Therefore, differences in the
T-RFs pattern between T-RFLP and clone libraries
may appear. In addition, T-RFLP patterns were more
sensitive than about 50 clones sequence per sample for
the assessment of overall species diversity. We con-
sidered that the minority of microorganisms, which
were not detected by 168 rRNA gene clone libraries in
this study, appeared as small T-RFs by T-RFLP
analysis. Molecular approaches relying on 165 rRNA
gene sequences are now commonly used for the iden-
tification and classification of bacterial species in
complex microbiota. However, analysis of individuai
168 rRNA gene clones is an expensive and extremely
inefficient approach. We recommend T-RFLP for
the detection of overall changes in individual cecal
microbiota,

Previous studies using culture methods and histo-
logical exammation reported that many unclassified
bacteria and strictly anacrobic bacteria inhabit the ce-
cum of SPF and normal mice [2.9]. Turthermore. it has
been reported that microbiota can be significantly al-
tered by diets. different breeders and other factors [33]
Because variation of intestinal microbiota in experi-
mental animals can nfluence  expertmental results,
stundardization of intestinal microbiota is required. In
previous studies, researchers have directed their efforts
towards standardization of intestinal microbiota of
germ-lree mice with cecal bacteria of normal mice
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Fiz. 2. Phylogenctic tree showing the relationship batween 165 tRNA genes sequences in cecal samples of mice within the € eoceaides group.
Approximately 300 bp 168 rRNA genes sequence were used to draw the tree. The tree was constructed using neighber-joining analysis based
on 168 TRNA sequences. Bootstrap values (n = 100 replicates) of 250 are reported as percentage, Scale bar=0.02 substitutions/nucleotide
position. Clones obtained from samples appear as bold letters. Accession numbers for each of the published sequences are given. Numbers in
parenthesis represent the number of clones detected in same age groups. Faccalibacterium prausnitzil is used as the swgroup for rooting the

iree.

{34.35). SPF mice are used in many studies as experi-
mental animals. However, we do not know the com-
position of microbiota of SPF mice except for specific
microorganisms and parasites. Therefore, there is a need
to know the microbiota status including unidentified

microorganisms of each experimental animal in order to
choose the most suitable animals and to achieve reliable
results. The present study reported the development
with maturation on cecal microbiota of SPF mice by T-
RFLP, and our results were in agreement with previous
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Fig 3. Phylogenetic tree showing the relationslip between 165 tRNA penes sequences of cecal samples of mice within the Bacteroides group.
Approximately 300 bp 165 rRNA genes sequence were used to draw the tree. The tree was constructed using neighbor-joining analysis based on 165

rRNA sequences. Boatstrap values (a = 100 replicates) of =50 are reported as percentage. Scale bar = 0.05 substitutiens/nucleotide position. Clones
obtained from samples appear as bohd letters. Accession aumbers for each of the published sequences are given. Numbers in parentheses represent
number of clone detected from the same age groups. Prosthecockloris vibrieformis is used as the outgroup for rooting the tree.

studies [2.9,20]. Therefore, T-RFFLP analysis. which 1s
a simple and rapid method. is very useful for monitor-
ing the cecal microblota to know the state of microbi-
ota in experimental mice before they are used for
research.

Additionally, 165 tRNA gene clone libraries was used
to examine the influence of maturation on cecal micro-

biota based on the results of T-RFLP analysis, since T-
RFLP analysis deoes not identify the bacterial species
responsible for the age-dependent changes. Conse-
guently, this study cenfirmed that a large number of yet
unidentified microorganisms inhabit the cecum of mice
and that the diversity of microbiota increased with
maturation.
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