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ABSTRACT:

UDP-glucuronosyltransferases (UGTs) catalyze the addition of glu-
curonic acid to endo- and xenobiotics, increasing hydrophilicity
and enhancing elimination. Gender-divergent glucuronidation
rates are observed in humans and rats, and gender differences in
UGT mRNA levels have been observed in rodents. The purpose of
this study was to establish the hormonal regulation of gender-
dependent Ugt mRNA expression in mouse liver and kidney. There-
fore, three mouse models were used to characterize the involve-
ment of sex hormones and gender-specific growth hormone (GH)
secretion patterns, including 1) hypophysectomized mice treated
with male- or female-pattern GH, testosterone, or 17-estradiol; 2)
GH releasing hormone receptor-deficient little (/it/lit) mice treated
with male- or female-pattern GH; and 3) gonadectomized mice
treated with testosterone or 17p-estradiol. Messenger RNA ex-

pression of mouse Ugt isozymes was determined by the branched
DNA assay. In C57BL/6 mice, male-predominant expression of
Ugt2b1 and Ugt2b38 was observed in liver and kidney, respec-
tively. Female-predominant expression was observed for Ugtiai
and Ugt1a5 in liver and Ugtia2 in kidney. In liver, regulation of
Ugtia1 and Ugt1a5 expression was attributed to repression of Ugt
mRNA by male-pattern GH secretion. Conversely, regulation of
Ugt2b1 expression in liver was attributed to male-pattern GH se-
cretion. In kidney, regulation of Ugt2b38 expression was attributed
to inductive effects by testosterone. Conversely, Ugtia2 expres-
sion in kidney was negatively regulated by testosterone. In con-
clusion, gender differences in mouse Ugt mRNA expression were
influenced by male-pattern GH secretion in liver, whereas gender
differences were regulated by the effects of androgens in kidney.

UDP-glucuronosyltransferases (UGTs) are a family of microsomal
enzymes that catalyze the addition of the high-energy cosubstrate
UDP-glucuronic acid to endogenous and exogenous substrates, in-
creasing their hydrophilicity and eventual excretion. UGT genes are
composed of two major drug-metabolizing subfamilies, UGT1 and
UGT2 (Mackenzie et al., 2005). UGT1 genes are unique in that each
consists of a unique first exon and 5’-regulatory region; however, each
is spliced with common exons 2 through 5. UGT1 enzymes conjugate
a variety of compounds, particularly prescribed drugs, such as acet-
aminophen, and the endogenous heme-byproduct, bilirubin. In con-
trast, UGT2 genes each contain six individual exons, and UGT2
isozymes conjugate many endogenous steroids and exogenous sub-
strates, such as morphine (Burchell et al., 1995; Tephly et al., 1998;
Radominska-Pandya et al., 1999).

In clinical studies, numerous glucuronidated drugs exhibit gender-
related differences in metabolism. For example, the benzodiazepine
S-oxazepam, a UGT2B15 substrate, is glucuronidated at a higher rate
in human liver microsomes from males than females (Court et al.,
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2004). In addition, the plasma clearance of S-oxazepam is 40% higher
in males versus females (Greenblatt et al., 1980). Conversely, the
hyperlipidemic drug fenofibrate is glucuronidated at a higher rate in
females (Liu et al., 1991). In rodents, particularly rats, several other
chemicals exhibit gender differences in glucuronidation. Mycophe-
nolic acid (MPA) area under the curve (AUC) is similar between
sexes; however, MPA-glucuronide AUC is lower in female rats,
suggesting gender differences in glucuronidation rates of MPA (Stern
et al., 2007). In addition, bisphenol A (BPA) glucuronidation in
female rat liver microsomes is higher than in male counterparts.
Expression of rat UGT2B1 mRNA, a BPA-metabolizing enzyme, is
higher in female rat liver than in males (Takeuchi et al., 2004). Lastly,
bilirubin-UGT activity is higher in female rat liver preparations than
in males (Muraca and Fevery, 1984).

Gender-divergent gene expression in liver has been characterized
for many rodent genes whose proteins are involved in drug metabo-
lism and disposition, such as cytochromes P450 (P450s), multidrug
resistance-associated proteins (Mrps), and organic anion-transporting
polypeptides (Oatps) (Waxman et al., 1991; Cheng et al., 2006; Maher
et al.,, 2006). Likewise, previous studies report gender-divergent
mRNA expression patterns for both rat and mouse UGTs (Shelby et
al., 2003; Buckley and Klaassen, 2007). In kidney, organic anion
transporters (Oats) show gender differences in mRNA expression,
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growth hormone; MP, male pattern; FP, female pattern; STAT, signal transducer and activator of transcription; HNF, hepatocyte nuclear factor;
HX, hypophysectomy; GNX, gonadectomy; PCR, polymerase chain reaction; MMLV, Moloney murine leukemia virus; bDNA, branched DNA; RT,

reverse transcriptase; C,, cycle threshold.
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particularly Oatl and Oat2 in mice (Buist and Klaassen, 2004).
Furthermore, gender differences in Ugr gene expression were ob-
served in mouse liver and kidney, notably Ugtlal, Ugtla5, and
Ugt2b1 in liver and Ugtla2 and Ugt2b5/37/38 in kidney (Buckley and
Klaassen, 2007).

In liver, the biochemical processes regulating the gender-divergent
gene expression patterns commonly stem from endogenous hormones,
in particular, growth hormone (GH). Male-pattern (MP) GH secretion
results in intermittent peaks of GH release into circulation, followed
by troughs, on regular intervals. In contrast, female-pattern (FP) GH
secretion is continuously low (Jansson et al., 1985; MacLeod et al.,
1991; Veldhuis et al., 1995). MP-GH secretion promotes activity of
GH-stimulated transcription factors, such as signal transducer and
activator of transcription (STATS5)-b, and regulates male-specific rat
CYP gene expression in concordance with the repression of liver-
specific transcription factors, such as hepatocyte nuclear factors
(HNFs) 3 and 6 (Waxman et al., 1995; Delesque-Touchard et al.,
2000; Wiwi and Waxman, 2005; Waxman and O’Connor, 2006;
Holloway et al., 2007). Female-specific expression of rat CYP2C12 is
regulated by FP-GH secretion via continuously low levels of STATS5b
and regulation by HNFs (Endo et al., 2005). More recently, regulation
of several mouse Cyps and solute carriers by Stat5b were further
characterized in Stat5b-deficient mice (Clodfelter et al., 2006). In
kidney, gender-specific gene expression is primarily attributed to the
actions of sex hormones (androgens and estrogens), as reported for rat
Oats, mouse Oatps, and mouse Mrps (Buist et al., 2003; Ljubojevic et
al., 2004; Cheng et al., 2006; Maher et al., 2006).

The purpose of the current study was to elucidate the hormones
responsible for gender-divergent Ugt gene expression patterns in
mice. To determine whether sex hormones and/or gender-specific GH
secretion patterns regulate Ugt gene expression in liver and kidney,
three mouse models were used: 1) hypophysectomized (HX) mice, 2)
gonadectomized (GNX), and 3) GH releasing hormone receptor-
deficient (lit/lit) mice. HX and GNX mice models enable determina-
tion of the roles of sex hormones, whereas HX and [lit/lit mice
contribute to the understanding of GH regulation.

Materials and Methods

Chemicals and Reagents. Recombinant rat GH was purchased from Dr.
A.F. Parlow (National Hormone and Peptide Program, Harbor-UCLA Medical
Center, Torrance, CA). Time-release hormone pellets (21-day) containing 0.5
mg of 17B-estradiol (Sigma-Aldrich, St. Louis, MO) and 1 mg of rat GH
(National Hormone and Peptide Program) were purchased from Innovative
Research of America (Sarasota, FL). Time-release hormone pellets containing
5 mg of testosterone propionate (Sigma-Aldrich) and cholesterol (Sigma-
Aldrich) were purchased from Dr. Jonathan Li (Hormone Pellet Press,
Leawood, KS). All the other chemicals were purchased from Sigma-Aldrich.

FAM dye-labeled TagMan assays-on-demand, including gene-specific poly-
merase chain reaction (PCR) primers and dye-labeled probes, specific for mouse
Ugt2b5 (MmO01623253_s1), Ugt2b37 (Mm00662960_mH), Ugt2b38
(Mm00836029_mH), and mouse glyceraldehyde-3-phosphate dehydrogenase
(Mm99999915_gl), as well as TagMan Universal PCR Master Mix were pur-
chased from Applied Biosystems (Foster City, CA). Gene-specific sequences for
forward and reverse PCR primers and dye-labeled probes are available from
Applied Biosystems. Moloney murine leukemia virus (MMLYV) reverse transcrip-
tase and oligo(dT)s were purchased from Promega (Madison, WI).

Animals. Naive controls. Eight-week-old male and female C57BL/6 mice
were purchased from The Jackson Laboratory (Bar Harbor, ME). Animals
were housed according to the American Animal Association Laboratory An-
imal Care guidelines. Mice were allowed food (Teklad Rodent Diet 8064;
Harlan Teklad, Madison, WI) and water ad libitum, and were acclimated to the
housing facility for 1 week before treatment.

lit/lit mice. Seven- to 8-week-old male and female li#/lit mice (C57BL/6
background) were purchased from The Jackson Laboratory. The li#/lit mice
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were treated (n = 6/sex/treatment) with recombinant rat GH in male or female
secretion patterns according to previously reported dosing regimens (Maher et
al., 2006). Time-release FP-GH pellets (21-day) and placebo controls were
inserted subcutaneously between the scapulas with a 10-gauge trochar while
mice were under isoflurane anesthesia. Entrance incision was closed by a
single stainless steel 9-mm wound clip. MP-GH secretion pattern was mim-
icked by twice-daily intraperitoneal injections of rat GH (2.5 mg/kg/day) in
saline in a dosing volume of 5 ml/kg. Twice-daily injections of saline at the
same dosing volume were used as controls. Liver and kidneys were removed
9 days after surgery, flash-frozen in liquid nitrogen, and stored at —80°C.

GNX mice. Eight-week-old surgically castrated male and ovariectomized
female C57BL/6 mice were purchased from Charles River Laboratories, Inc.
(Wilmington, MA). GNX mice were treated (n = 6/sex/treatment) with time-
release 5 mg of testosterone, 0.5 mg of 17B-estradiol, and 1 mg of placebo
pellets, as reported by Maher et al. (2006). Pellets were inserted as described
above. Nine days after hormone pellet implantation, livers and kidneys were
extracted from the mice, frozen in liquid nitrogen, and stored at —80°C.

HX mice. Eight-week-old HX male and female C57BL/6 mice were pur-
chased from Charles River Laboratories, Inc. HX mice were given 5% sucrose-
supplemented drinking water ad libitum on arrival and for the duration of the
study. HX mice (n = 8/sex/treatment) were treated with placebo, FP-GH
secretion, testosterone, and 17B-estradiol pellets, and MP-GH secretion-pat-
terned injections were performed as described above. Nine days after hormone
pellet implantation, livers and kidneys were removed from the mice, frozen in
liquid nitrogen, and stored at —80°C. At necropsy, HX mice were examined
for the presence of remaining pituitary tissue. Animals with intact pituitary
tissue were excluded from the study. After examination, all the treatment
groups contained between four and seven mice.

Total RNA Isolation. Total RNA was extracted from each tissue using
RNA-Bee Reagent (Tel-Test Inc., Friendswood, TX) according to the manu-
facturer’s protocol. RNA was quantified by UV spectrophotometry at 260/280
nm and diluted to 1 ug/ul in diethyl pyrocarbamate-treated water. RNA
samples were analyzed by formaldehyde-agarose gel electrophoresis, and
integrity was confirmed by visualization of 18S and 28S rRNA bands.

Branched DNA Signal Amplification Assay. Individual mouse Ugt
mRNA transcripts were detected using the QuantiGene branched DNA
(bDNA) signal amplification assay (Panomics, Fremont, CA). Probe sets for
mouse Ugt transcripts were described previously (Chen et al., 2003; Buckley
and Klaassen, 2007). In brief, capture extender, label extender, and blocker
probes were combined and diluted into lysis buffer. Total RNA (1 wg/ul; 10
nl) was added to each well of 96-well plates containing 50 wl of capture
hybridization buffer and 50 ul of diluted probe set, and allowed to hybridize
at 53°C overnight. Plates were cooled to 46°C and rinsed twice with wash
buffer. Amplifier reagent (100 wl), diluted 1:1000 in amplifier/label probe
buffer, was added to each well and incubated at 46°C for 1 h. Plates were
rinsed again with wash buffer, and label reagent (100 ul), diluted 1:1000 in
amplifier/label probe buffer, was added and incubated at 46°C for 1 h. Plates
were rinsed in wash buffer, and substrate reagent (100 ul) was added to each
well. Alkaline phosphatase luminescence was activated by the addition of
dioxetane substrate reagent. Plates were incubated for 1 h at 37°C, and
luminescence was quantified with a Quantiplex 320 bDNA luminometer
(Bayer Corp., Diagnostics Div., Tarrytown, NY). Analysis of luminescence
from the 96-well plates was performed by Quantiplex Data Management
Software version 5.02 (Bayer Corp., Diagnostics Div.). Luminescence for each
well is reported as relative light units per 10 ug of total RNA.

Real-Time PCR. Reverse transcription of liver and kidney mRNA was
performed using MMLYV reverse transcriptase (RT). In brief, 12.5-ul reactions
containing 250 ng of total RNA were incubated with deoxynucleoside-5'-
triphosphates, RT buffer, oligo(dT)s, rRNasin (Promega), and MMLV RT at
42°C for 15 min. The completed RT reactions were diluted 10X in water.
Fifty-microliter real-time reactions were composed of 10 ul of cDNA, 2.5 ul
of gene-specific 20X TagMan probes, 25 ul of TagMan Universal PCR Master
Mix, and 12.5 ul of water. The 20X TagMan mixtures contained gene-specific
PCR primers and dye-labeled probe. Reaction conditions were as follows:
denaturing at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and
60°C for 1 min. RT-PCR reactions were performed on an Applied Biosystems
7300 Real-Time PCR System, and data were obtained as C, values. Data were
analyzed by the AAC, method using glyceraldehyde-3-phosphate dehydroge-
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nase as an internal control for each sample and Ugt2b5 mRNA expression in
male liver as the reference.

Statistical Analysis. Data are presented as mean * S.E.M. Statistical
differences between genders in naive control mice were determined by a
two-tailed Student’s 7 test (p = 0.05). Statistical differences between untreated,
placebo, and hormone treatment groups were determined by a one-way anal-
ysis of variance followed by Duncan’s multiple range post hoc test. Asterisks
() represent statistical differences (p = 0.05) in mRNA levels between control
and treatment groups. Daggers (f) indicate statistical differences between
naive controls and HX mice, and double-daggers (i) indicate statistical dif-
ferences between HX-placebo and treated groups (p = 0.05).

Results

Real-Time PCR Analysis of Mouse Ugt2b5, Ugt2b37, and
Ugt2b38 in Mouse Liver and Kidney. Previous studies indicated
that, by the bDNA assay, mouse Ugt2b5, Ugt2b37, and Ugt2b38
mRNA are expressed in adult mouse liver and kidney, with male-
predominant expression in kidney (Buckley and Klaassen, 2007). The
aforementioned study used a single bDNA probe set to detect Ugt2b3,
Ugt2b37, and Ugt2b38 because of the high sequence homology be-
tween the three transcripts. To elucidate the expression pattern of each
of the three mRNAs, real-time PCR analysis was used to detect
mRNA expression patterns in liver and kidney of untreated male and
female mice. Figure 1 illustrates that Ugt2b5 mRNA was the predom-
inant gene expressed in liver. However, in kidney, Ugt2b38 transcripts
were almost solely responsible for expression previously detected by
the bDNA assay. In addition, the male-predominant expression pat-
tern in kidney observed by the bDNA assay was also attributed to
Ugt2b38, as noted in Fig. 1.

Regulation of Ugts by GH Secretion Patterns and Sex Hor-
mones in HX Mice. Buckley and Klaassen (2007) previously reported
female-predominant mRNA expression for Ugtlal and UgtlaS and
male-predominant expression of Ugt2bl in naive mouse livers. HX
mice, pituitary surgically removed, were used to study the effects of
MP- and FP-GH secretion and the effects of androgens and estrogens
on Ugt mRNA expression in liver. Figure 2 illustrates the alterations
in mRNA expression patterns following HX in liver for the three
aforementioned mouse Ugts. In HX mice, female-predominant
mRNA expression of Ugtlal observed in naive-control mice was
ablated (Fig. 2A). However, in MP-GH secretion-treated HX male and
female mice, Ugtlal mRNA decreased 40 to 47%. Neither FP-GH
secretion nor treatment with sex hormones significantly altered
Ugtlal mRNA in HX mice.

In HX mice, Ugtla5 mRNA levels in liver were not different
between sexes, whereas Ugtla5 mRNA was female-predominant in
naive controls (Fig. 2B). Neither MP-GH nor FP-GH secretion-
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Fic. 1. Relative mRNA expression of Ugt2b5, Ugt2b37, and Ugt2b38 as deter-
mined by real-time PCR in untreated male and female C57BL/6 mouse livers (n =
S/gender/tissue). Data are relative to Ugt2b5 mRNA expression in male liver as
determined by AAC, analysis. Values are expressed as mean * S.E.M. Asterisks (*)
indicate statistically significant differences between male and female mice (p =
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FiG. 2. The mRNA expression of Ugtlal (A), Ugtla5 (B), and Ugt2b1 (C) in livers
of male and female HX mice treated with growth or sex hormones (n = 4-6/
gender/treatment). Treatment groups include CON, naive controls; HX, placebo;
HX-MP-GH, male-pattern GH; HX-FP-GH, female-pattern GH, HX-Test, testos-
terone; and HX-E2, 17B-estradiol. Data are expressed as relative light units/10 ug
of total RNA. Values are expressed as mean = S.E.M. Asterisks (*) indicate
statistically significant differences between male and female control mice (p =
0.05). Daggers () indicate statistical differences between naive controls and HX
mice, and double-daggers (}) indicate statistical differences between HX-placebo
and treated groups (p = 0.05).

patterned treatment altered Ugtla5 mRNA in liver. However, in
female HX mice treated with testosterone, Ugtla5 mRNA was in-
creased. Conversely, in male HX mice treated with 173-estradiol,
hepatic Ugtla5 mRNA decreased.

In contrast to Ugtlal and Ugtla5, hepatic expression of Ugt2bl
mRNA was male-predominant. In HX mice, the gender difference of
Ugt2b1 was ablated (Fig. 2C). MP-GH secretion-patterned treatment
in HX mice resulted in a 224 to 260% increase in Ugt2bl mRNA
levels. FP-GH secretion or estradiol treatments had no effect on
Ugt2bl mRNA expression in liver.

In kidney, previous reports indicate gender differences in Ugt
mRNA expression in mice, specifically female-predominant Ugtla2
and male-predominant Ugt2b38 (Chen et al., 2003; Buckley and
Klaassen, 2007). Figure 3 illustrates the effects of hormone treatment
on Ugtla2 and Ugt2b38 mRNA in male HX and female HX mice. In
HX mice, female-predominant mRNA expression of Ugtla2 in kidney
was ablated; HX markedly increased Ugtla2 mRNA in kidneys of
male mice and doubled Ugtla2 mRNA in female mice (Fig. 3A).
Treatment of HX mice with MP-GH secretion patterns decreased
Ugtla2 mRNA in kidneys of male mice by 60%; however, MP-GH
secretion-patterned treatment of female HX mice did not alter Ugtla2
mRNA in kidney, and FP-GH secretion had no effect on Ugtla2
expression in kidney. In male HX and female HX mice, testosterone
decreased Ugtla2 in kidney by 97 to 99%. In addition, in male HX
and female HX mice, 17-estradiol decreased Ugtla2 mRNA but only
by 50%.

In kidneys of HX mice, male predominance of Ugt2b38 mRNA was
not statistically significant as in naive mice, mainly because of de-
creased expression in male HX mice (Fig. 3B). In male HX and
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FiG. 3. The mRNA expression of Ugtla2 (A) and Ugt2b38 (B) in kidneys of male
and female HX mice treated with growth or sex hormones (n = 4-6/gender/
treatment). Treatment groups include CON, naive controls; HX, placebo; HX-MP-
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HX-E2, 17 B-estradiol. Data are expressed as relative light units/10 ug of total RNA.
Values are expressed as mean * S.E.M. Asterisks (*) indicate statistically signif-
icant differences between male and female control mice (p = 0.05). Daggers ()
indicate statistical differences between naive controls and HX mice, and double-

daggers (%) indicate statistical differences between HX-placebo and treated groups
(p = 0.05).

female HX mice, testosterone administration increased Ugt2b38
mRNA in kidney 2- and 7-fold, respectively. In HX mice, MP-GH or
FG-GH secretion patterns and estradiol treatment had minimal effects
on Ugt2b38 mRNA expression in kidney.

Regulation of Ugt mRNA by Testosterone and Estradiol in
GNX Mice. The regulation of Ugts in mouse liver of GNX mice,
followed by androgen or estrogen treatments, is shown in Fig. 4. In
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FiG. 4. The mRNA expression of Ugtlal (A), Ugtla5 (B), and Ugt2bl (C) in livers
of male and female GNX mice treated with sex hormones (n = 6/gender/treatment).
Treatment groups include CON, naive controls; GNX, placebo; GNX-Test, testos-
terone; and GNX-E2, 173-estradiol. Data are expressed as relative light units/10 ug
of total RNA. Values are expressed as mean = S.E.M. Asterisks (*) indicate
statistically significant differences between male and female control mice (p =
0.05). Daggers (1) indicate statistical differences between naive controls and GNX
mice, and double-daggers () indicate statistical differences between GNX-placebo
and treated groups (p = 0.05).

837

A B Male
3000 « Ugtia2 OFemale
T
<C 2000 4
= ol 1%
Al N
©
S 0 i
=
o
2 6000 - B Ugt2b38
S 4000 < :
-
o

2000 L t
*
0 |
CON  GNX

i
GNX

GNX
+ +
Test E2

Fic. 5. The mRNA expression of Ugtla2 (A) and Ugt2b38 (B) in kidneys of male
and female GNX mice treated with sex hormones (n = 6/gender/treatment). Treat-
ment groups include CON, naive controls; GNX, placebo; GNX-Test, testosterone;
and GNX-E2, 17B-estradiol. Data are expressed as relative light units/10 pg of total
RNA. Values are expressed as mean * S.E.M. Asterisks (*) indicate statistically
significant differences between male and female control mice (p = 0.05). Daggers
(1) indicate statistical differences between naive controls and GNX mice, and
double-daggers () indicate statistical differences between GNX-placebo and treated
groups (p = 0.05).

control mice, liver Ugtlal mRNA expression is female-predominant;
however, in GNX mice, Ugtlal expression was similar between
males and females because of increased expression in males (Fig. 4A).
In GNX mice, testosterone treatment reduced Ugtlal mRNA in liver
by 35 to 48%. In addition, 17-estradiol-treated GNX mice reduced
Ugtlal mRNA in liver by 24 to 40%.

Ugtla5 mRNA in liver was female-predominant in control mice,
whereas in GNX mice, the Ugtla5 gender difference was eliminated
because of increased expression in males (Fig. 4B). Testosterone
treatment of GNX mice resulted in a decrease of Ugtla5 mRNA only
in female livers.

In control mice, male-predominant mRNA expression of Ugt2b1 in
liver was observed; however, in GNX mice, Ugt2bl levels in male
mice decreased to those observed in livers of female GNX mice,
eliminating the gender difference (Fig. 4C). Testosterone treatment of
GNX mice increased Ugt2bl mRNA in liver by more than 100%.
Estradiol treatment of GNX mice did not alter Ugt2b1 expression in
liver.

In kidney, Ugtla2 mRNA is highly and almost exclusively ex-
pressed in female mice (Fig. 5). Castration resulted in an increase of
Ugtla2 to levels observed in female mice, abolishing the female
predominance (Fig. 5A). Testosterone administration to GNX mice
reduced kidney Ugtla2 mRNA by 98%. Estradiol treatment reduced
Ugtla2 mRNA in kidneys of GNX mice by 30 to 60%.

In GNX mice, male-predominant Ugt2b38 expression observed in
control kidneys was eliminated because of decreased expression in
male GNX mice (Fig. 5B). Testosterone treatment of GNX mice
increased Ugt2b38 mRNA expression approximately 400%. How-
ever, estradiol treatment of GNX mice had no effect on Ugt2b38
expression in kidney.

Regulation of Ugt mRNA by GH in lit/lit Mice. The regulation of
Ugtlal, Ugtla5, and Ugt2bl by MP- and FP-GH patterns in mouse
liver is shown in Fig. 6. In lit/lit mice, female-predominant Ugtlal
and Ugtla5 mRNA expression in liver was eliminated (Fig. 6, A and
B). MP-GH secretion-patterned treatment of male and female [lit/lit
mice decreased Ugtlal mRNA in liver by 60%. Likewise, MP-GH
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secretion-patterned treatment of /i#//it mice decreased Ugtla5 mRNA
by 40% in males and 85% in females. FP-GH treatment of [/it#/lit mice
did not affect Ugtlal or Ugtla$S expression in liver.

In /i#/lit mice, male-predominant expression of Ugt2bl in livers of
control mice was ablated because of decreased expression in male
mice (Fig. 6C). MP-GH treatment of [/it/lit mice increased Ugt2bl
mRNA by more than 100%. FP-GH secretion treatment of /i#/lit did
not affect Ugt2b1 expression in liver.

The effects of MP- and FP-GH secretion patterns on Ugtlal and
Ugt2b38 mRNA expression in kidney are noted in Fig. 7. In lit/lit mice
before or after treatment with MP-GH or FP-GH secretion patterns, the
female predominance of Ugtla2 mRNA expression was evident (Fig.
7A). However, MP-GH secretion treatment of the /i#/lit mice decreased
Ugtla2 expression in the kidney. Ugt2b38 mRNA expression was male-
predominant in the mouse kidney. In li#/lit mice, the expression of
Ugt2b38 was much lower in the male mice, and MP-GH or FP-GH
secretion-patterned treatments had little effect (Fig. 7B).

Discussion

Glucuronidation of drugs, environmental contaminants, and endoge-
nous molecules serves as a detoxification process and termination of
endogenous molecular signals. Among species, sexes, and populations,
exposures to exogenous compounds and endogenous biosignaling mol-
ecules, such as sex steroids, are not identical. Therefore, laboratory
animal species, as well as humans in some instances, exhibit numerous
sex-based characteristics, including drug metabolism.

Differential metabolism of some clinically prescribed drugs occurs
between male and female patients, including drugs metabolized by
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Fig. 6. The mRNA expression of Ugtlal (A), Ugtla5 (B), and Ugt2bl (C) in livers
of male and female /i#/lit mice treated with GH (n = 6/gender/treatment). Treatment
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indicate statistically significant differences between male and female control mice
(p = 0.05). Daggers (1) indicate statistical differences between naive controls and
lit/lit mice, and double-daggers () indicate statistical differences between [it/lit-
placebo and treated groups (p = 0.05).
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Fic. 7. The mRNA expression of Ugtla2 (A) and Ugt2b38 (B) in kidneys of male
and female /it/lit mice treated with GH (n = 6/gender/treatment). Treatment groups
include CON, naive controls; lit/lit, placebo; lit/lit-MP-GH, male-pattern GH; and
lit/lit-FP-GH, female-pattern GH. Data are expressed as relative light units/10 pg of
total RNA. Values are expressed as mean * S.E.M. Asterisks (*) indicate statisti-
cally significant differences between male and female control mice (p = 0.05).
Daggers () indicate statistical differences between naive controls and /i#/lit mice,
and double-daggers (&) indicate statistical differences between li#/lit-placebo and
treated groups (p = 0.05).

P450s and UGTs. A review of clinical studies reveals examples of
CYP3A4 substrates that exhibit female-predominant clearance, in-
cluding erythromycin, midazolam, verapamil, and others (Anderson,
2002). Alternatively, caffeine, a CYP1A2 substrate, is metabolized
more rapidly in males than females (Jaffe et al., 2002). Clearance rates
of drugs are determined by factors in addition to P450 metabolism,
such as conjugation reactions and transport. Many drugs that are
primarily glucuronidated show gender-divergent clearance, such as
S-oxazepam (M > F) and fenofibrate (F > M) (Liu et al., 1991; Court
et al., 2004). In rodents, there are examples of gender-divergent
glucuronidation of drugs and exogenous chemicals, including MPA
and BPA (Takeuchi et al., 2004; Stern et al., 2007).

Gender differences in drug conjugation are probably linked to
gender-divergent expression of drug-metabolizing enzymes. Higher
clearance of BPA in female versus male rats correlates with female-
predominant expression of UGT2B1 mRNA, one of the isoforms
primarily responsible for BPA glucuronidation (Takeuchi et al.,
2004). Previous studies illustrate gender differences in basal mRNA
expression levels of UGTs in rodent species, notably in rats and mice.
However, rats and mice do not share identical gender differences
(Strasser et al., 1997; Shelby et al., 2003; Buckley and Klaassen,
2007). Mice display gender-divergent mRNA expression patterns in
liver and kidney. Ugtlal and Ugtla5 expression in liver and Ugtla2
in kidney are female-predominant, whereas Ugt2b1 expression in liver
and Ugt2b38 in kidney are male-predominant (Buckley and Klaassen,
2007). The current study establishes the role of MP-GH excretion
pattern and male sex hormones (testosterone) in the differential reg-
ulation of male- and female-specific Ugt mRNA expression in mice.

In the present study, gender differences in Ugt mRNA expression in
liver were regulated by MP-GH secretion but were also influenced by
testosterone (Table 1). Ugtlal mRNA expression, the major bilirubin-
conjugating isozyme, was reduced by MP-GH secretion as shown in
both HX and GH releasing hormone receptor-deficient (/i#/lif) mouse
models. However, testosterone administration reduced Ugtlal mRNA
levels in GNX mice, suggesting regulation of MP-GH secretion by
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TABLE 1

Summary of MP-GH and testosterone on mouse Ugt mRNA expression
in liver and kidney

HX mice were treated with either MP-GH or testosterone. GNX mice were treated with
testosterone and li/lit mice with MP-GH. Up arrow (1) indicates up-regulation of Ugt
mRNA expression as compared with placebo controls. Down arrow () indicates decreased
Ugt mRNA expression compared with placebo controls. Multiple arrows indicate amplitude
of change. Side arrows (%) indicate no significant change in mRNA expression compared
with placebo controls.

HX GNX lit/lit

MP-GH Test Test MP-GH
Ugtlal (liver) ! s J !
Ugtla5 (liver) s =S s !
Ugt2bl (liver) 1 s 1 1
Ugtla2 (kidney) s Ll L =
Ugt2b38 (kidney) s 1 (N s

androgens as previously observed for mouse Oatps (Cheng et al.,
2006).

Ugtla$ and Ugt2bl in mouse liver were also regulated by MP-GH
secretion. Hormonal regulation of Ugtla5 expression in liver was
comparable with Ugtlal, in that both were down-regulated by
MP-GH secretion. In contrast to Ugtlal and Ugtla5, Ugt2bl was
expressed in liver in a male-predominant pattern. Also in contrast to
Ugtlal and UgtlaS, which are down-regulated by MP-GH secretion,
Ugt2bl was up-regulated by MP-GH secretion.

In mouse liver, Mrps, Oatps, and now Ugts have been identified as
targets for MP-GH regulation (Cheng et al., 2006; Maher et al., 2006).
It is presumed that MP-GH regulation of these liver genes occurs via
STATSb activation, which is strengthened by evidence of STATSb
binding sites in Mrp promoters (Maher et al., 2006). In addition,
STATSb regulates transcription of several hepatic drug-metabolizing
enzymes, most notably Cyps, and transporters, particularly solute
carriers via a network of gender-specific Star5h gene regulation
(Clodfelter et al., 2006).

In liver, male and female GH patterns regulate GH-responsive
transcription factors to generate male- and female-specific gene ex-
pression patterns. Pulsatile peaks of GH produced by MP-GH secre-
tion activates STATSb in male liver, resulting in activation of male
genes, such as rat Cyp2a2, by direct activation and repression of
female-specific transcription factors, notably HNF3S3 and HNFG6.
HNF4a and HNF31y also serve as positive regulators of male-specific
Cyp2a2 expression. In females, continuously low levels of GH result
in low STATS5b activity and allow repression of male-specific genes
by HNF38 and HNF6, yielding expression of female-specific rat
Cyp2c12 (Delesque-Touchard et al., 2000; Endo et al., 2005; Wiwi
and Waxman, 2005; Waxman and O’Connor, 2006; Holloway et al.,
2007).

In rats, glucuronidation of bilirubin, a UGT1A1 substrate, was
increased 100% by HX and returned to control levels after adminis-
tration of GH mimicking male patterns (Gueraud et al., 1997). This
supports data observed for Ugtlal in HX mice, where mRNA levels
increased in male HX mice to nearly twice of controls and returned to
control male levels after MP-GH administration to HX mice. These
data suggest mice may have higher bilirubin-UGT activity in females
than in males, similar to rats (Muraca and Fevery, 1984). In addition,
a comprehensive analysis of bilirubin levels in U.S. human subjects
revealed higher levels in males (Zucker et al., 2004), suggesting
gender-dimorphic UGT1A1 expression in humans, leading to differ-
ential bilirubin conjugation and circulating levels.

In kidney, sex hormones directly regulate gene expression of trans-
porters and drug-metabolizing enzymes. Rat OAT1 mRNA is male-
predominant and HX decreases OAT] to levels observed in females,
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whereas androgen treatment increases expression in kidney (Buist et
al., 2003; Ljubojevic et al., 2004). Female-predominant mouse Mrp3
mRNA in kidney results from stimulatory effects of estrogens, as
observed in GNX and HX mouse models. However, female-predom-
inant expression of Mrp4 in mouse kidney results from down-regu-
lation of Mrp4 in males by androgen and MP-GH secretion (Maher et
al., 2006). Oatplal and Oatp3al mRNAs are up-regulated by andro-
gens in mouse kidneys as shown in GNX and HX mice (Cheng et al.,
2006). Likewise, mouse Ugt gender differences in kidney mRNA
expression are regulated by androgens, not GH (Table 1). Ugtla2 and
Ugt2b38 mRNA expression patterns in kidney are initiated by the
repressive and inductive effects of androgens, respectively.

Taken together, MP-GH pattern secretion shapes gender-specific
gene expression in liver, whereas sex hormones are the dominant
factor influencing gender-dependent transporter and Ugt gene expres-
sion in kidney. However, the cumulative physiological effects of such
gender patterns in liver and kidney depend on a variety of factors,
such as cellular localization of membrane transporters, direction of
transport, and transporter and enzyme substrate specificity. In clinical
studies, countless drugs are taken up, excreted, reabsorbed, and me-
tabolized in liver and kidney, many by transporters and enzymes that
are sexually dimorphic. In addition to genetic factors, some cases of
polymorphic variation in drug disposition could involve gender-spe-
cific gene expression patterns, especially with drugs that are primarily
transported or metabolized by a single gender-regulated protein.

In summary, mouse gender-specific Ugt mRNA expression patterns
in liver are attributable to inductive or repressive effects of MP-GH
secretion, and secondarily to androgens influencing GH secretion in
animals containing a functioning pituitary. In contrast, gender-specific
Ugt mRNA expression in kidney is chiefly regulated by positive or
negative effects of androgens. Results observed for hormonal regula-
tors of mouse Ugt gender-divergent gene expression are common
among drug-metabolizing enzymes and transporters involved in he-
patic and renal disposition of numerous chemicals. These gender-
specific patterns may be crucial in understanding the mechanisms by
which many drugs display variations in clearance.
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