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Abstract

UDP-glucuronosyltransferase (UGT) is a family of enzymes that catalyze the glucuronidation of
various compounds, and thereby has an important role in metabolism and detoxification of a large
number of xenobiotic and endogenous compounds. UGTS are present highly in the liver and small
intestine, while several investigations on quantification of UGT mRNA reported that UGTs were
also expressed in the brain. However, reported expression patterns of UGT isoforms in human
brain were often incongruous with each other. In the present study, therefore, we investigated
UGT mRNA expressions in brains of humanized UGT1 (hUGT1) mice. We found that among the
human UGT1 members, UGT1A1, 1A3, and 1A6 were expressed in the brain. We further
observed that nicotine (3 mg/kg) induced the expression of UGT1A3 mRNA in the brain, but not
liver. While it was not statistically significant, the nicotine treatment resulted in an increase in the
chenodeoxycholic acid glucuronide-formation activity in the brain microsomes. UGT1A3 is
involved in metabolism of various antidepressants and non-steroidal antiin-flammatory drugs,
which exhibit their pharmacological effects in the brain. Therefore, nicotine-treated hUGT1 mice
might be useful to investigate the role of brain UGT1AS3 in the regulation of local levels of these
drugs and their response.
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1. Introduction

UDP-glucuronosyltransferase (UGT) is a family of enzymes that catalyze the
glucuronidation of various compounds, and thereby has an important role in metabolism and
detoxification of a large number of xenobiotic and endogenous compounds. There are 19
functional UGTs in human and they are divided into mainly three subfamilies based on
sequence homology [1,2]. Subfamily 1A, 2A, and 2B include 9, 3, and 7 enzymes,
respectively. While UGTs are highly expressed in the liver and small intestine, several
investigations reported that UGTs were also expressed in brains. Ohno et al. reported that
only UGT1A5 and UGT2B17 mRNAs were detected in human brain [3]. Court et al.
reported that UGT1A1, 1A3, 1A4, 1A6, 1A7, 1A10, 2A2, 2A3, 2B7, 2B11, and 2B17
MRNAs were detected in human brain [4]. Jones et al. reported that among the UGT2B
family members, UGT2B4, 2B10, 2B11, 2B15, and 2B17 mRNAs were detected in the
human brain [5]. These data indicate that reported UGT expression patterns in human brain
were often incongruous with each other.

Nicotine, which is the major constituent of tobacco that responsible for tobacco dependence,
has been reported to induce certain cytochrome P450 (CYP) families. CYP2B is highly
expressed in the liver, while the enzyme is slightly expressed in the brains of human, rat,
mouse, and monkey [6]. It was reported that nicotine induced CYP2B in the brains but not
in the livers in rats and monkeys [7,8]. This tissue-specific induction by nicotine is different
from gene induction by classical inducer, such as phenobarbital, carbamazepine, and
rifampicin, which usually induce tissue-independently. The higher CYP2B expression was
also shown in human brains of smokers [9]. Until recently, however, little has been known
about the regulation of brain UGT by nicotine.

Humanized UGT1 (hUGT1) mice were previously developed in a C57BL/6 background. In
the liver and small intestine, the expression pattern of UGT1A isoforms in hUGT1 mice was
similar to that in humans [10]. It was also reported that the glucuronidation activities in the
liver microsomes from hUGT1 mice were also similar to those in human liver microsomes
[11]. In the present study, the expression levels of UGT mRNA in the brain were
quantitatively evaluated in non-treated and nicotine-treated hUGT1 mice. We further
investigated the UGT activity in the brain microsomes that were prepared from the non-
treated and nicotine-treated hUGT1 mice.

2. Materials and methods

2.1. Materials

Nicotine was purchased from MP Biomedicals, Inc. (Solon, OH). Diethyl ether was
purchased from Nacalai Tesque (Kyoto, Japan). Trizol reagent and primers were obtained
from Invitrogen (Carlsbad, CA). ReverTra Ace gPCR RT master Mix and THUNDERBIRD
SYBR gPCR Mix were obtained from Toyobo (Tokyo, Japan). Complete mini protease
inhibitor was purchased from Roche Applied Science (Vilvoorde, Belgium).
Chenodeoxycholic acid (CDCA) was purchased from Wako (Osaka, Japan). UDP-
glucuronic acid (UDPGA), alamethicin, and saccharic acid 1,4-lactane were purchased from
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Sigma—Aldrich (St Louis, MO). Human liver microsomes were obtained from BD Gentest
(Woburn, MA). All the other reagents were of the highest grade commercially available.

2.2. Animals

Tg(UGT1A*28)ygt1~/~(hUGT1) mice were developed previously in a C57BL/6 background
[10]. All animals received food and water ad libitum, and mouse handling and experimental
procedures were conducted in accordance with our animal care protocol, which was
previously approved by Kitasato University.

Humanized UGT1 mice were injected subcutaneously (s.c.) once daily for 7 days (Group A)
or twice daily for 5 days (Group B) with 3.0 mg nicotine ditartrate base per kg body weight
in sterile saline. Mice in control groups of Group A and Group B received saline s.c.
injections on the same schedule. Twenty-four hours (Group A) or 6 h (Group B) after the
last injection, animals were anesthetized with diethyl ether. Animals were decapitated, and
brains and livers were removed. Brains and Livers were stored at =80 °C until used for
reverse transcription quantitative real-time PCR (RT-qPCR) analysis or preparation of
microsomes.

2.3. RT—gPCR analysis

RNA was extracted from tissues with Trizol reagent. The cDNA was synthesized from total
RNA using ReverTra Ace gPCR RT Master Mix according to the manufacturer's protocol.
RT-gPCR was performed with THUNDERBIRD SYBR gPCR Mix, and the reactions were
run in a CFX96TM Real-Time PCR Detection System (BioRad). The cycling parameters
consisted of denaturation at 95 °C for 5 s, annealing temperature for 15 s, and extension at
72 °C for 30 s after one cycle at 95 °C for 1 min. Expression of cyclophilin B (CPH) mRNA
was used as an internal control for the cDNA quantity and quality. The used primers and
annealing temperature were shown in Table 1. According to a guideline of the Q-PCR
analysis [12], the detailed information on the Q-PCR analysis was included in the
manuscript according to the (Supplemental Table 1).

2.4. Preparation of brain microsomes

Brain was homogenized in approximately three volumes of 100 mM phosphate-buffered
saline (pH7.4) with protease inhibitor. The homogenate was centrifuged at 9000 g for 15
min at 4 °C. The supernatant was centrifuged at 105,000 g for 60 min at 4 °C, and the pellet
was suspended in the same buffer with 20% glycerol and used as the microsomal fraction.
Protein concentrations of microsomal fractions were measured by the Bradford method
using BSA as a standard [13].

2.5. CDCA glucuronide formation assays

CDCA glucuronide formation was determined as follows. A typical incubation mixture (200
pL of total volume) contained 100 mM phosphate buffer (pH 7.4), 4 mM MgCl,, 5 mM
UDPGA, 0.05 mg/mL alamethicin, 10 mM saccharic acid 1,4-lactane, 1.0 mg/mL brain
microsomes or 0.05 mg/mL human liver microsomes, and 200 umM CDCA. The reaction
was initiated by the addition of UDPGA after a 9 min preincubation at 37 °C. After
incubation at 37 °C for 5 h with the brain microsomes or 30 min with human liver
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microsomes, the reaction was terminated by addition of 200 uL of cold methanol. The
mixtures were then centrifuged at 15,000 g for 10 min.

CDCA glucuronide was quantified using liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) [14-16]. The sample of enzyme assay was moved to a vial and
10 pL was separated on a 50 mm x 2.1 mm Acquity 1.6 um C18 column (Waters Corp, MA,
USA) using an Acquity UPLC H-Class system (Waters). The gradient mobile phase
consisted of 1 mM ammonium formate (A) and methanol containing 1 mM ammonium
formate (B). Initial condition was 40% A and 60% B, followed by a linear gradient to 70%
B in 1.5 min. This condition was maintained for 2.7 min, and the column was flushed with
95% B for 2.8 min and re-equilibrated to the initial condition for an additional 8 min. The
flow rate was set to 0.2 mL/min. The eluent was introduced by electrospray ionization into
the mass spectrometer (Xevo TQD, Waters) operating in negative ionization mode. Multiple
reaction monitoring (MRM) mode, using specific precursor/product ion transition, was
employed for quantification. The capillary and sampling cone voltages were set to 2900 and
60 V, respectively. Source and des-olvation temperatures were set to 150 and 200 °C,
respectively, and the cone and desolvation gas flows were set to 0 and 650.0 L/h,
respectively. The collision energy was set to 35 V. Detection of the negative ion was
performed by monitoring the transition of m/z 567.4 — 391.4. Data acquisition, instrument
control and data handling were performed with MassLynx Software (Waters). The
conditions used in the present study were optimized to limit the instability of CDCA
glucuronides [16,17].

2.6. Data analysis

In the RT-gPCR analysis, T-test with significance set at 5% was used. Brunner—Munzel
test with significance set at 5% was used to examine the significance in the enzyme assays.

3. Results

3.1. Effects of nicotine on the expression level of human UGT1A mRNA in brain and liver

UGT isoforms expressed in the liver have been well examined; however, little is known
about UGT isoforms expressed in the brain. In the brain of hUGT1 mouse, the expressions
of UGT1A1, 1A3, and 1A6 were detected (Supplemental Tables 2 and 3). In contrast, the
expressions of UGT1A4, 1A5, 1A7, 1A8, 1A9, and 1A10 were below the level of
quantification limit. Therefore, the effect of nicotine treatment on the regulation of human
UGT1A1, 1A3, and 1A6 was investigated in the brain.

In the previous studies, 1.0 mg nicotine per kg body weight was used to induce the
expression of CYP2B mRNA in rat and monkey brains [7,8]. Therefore, in our preliminary
study, hUGT1 mice were injected subcutaneously (s.c.) once daily for 7 days with 1.0 mg/kg
weight nicotine. However, as demonstrated in Supplemental Fig. 1, 1.0 mg/kg nicotine did
not regulate the expressions of human UGT1A1, 1A3, 1A6, and mouse Cyp2b10 mRNASs in
hUGT1 mice. Therefore, in the present study, 3.0 mg/kg nicotine was used.

In Group A, hUGT1 mice were treated with 3.0 mg/kg nicotine, once daily for 7 days.
Tissues were isolated 24 h after the last injection. The expression of UGT1A3 mRNA was
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induced by nicotine in the brain (1.7 fold, P < 0.05) (Fig. 1A). The expressions of UGT1Al
and UGT1A6 mRNAs were not changed by nicotine in the brain.

In Group B, hUGT1 mice were treated with 3.0 mg/kg nicotine, twice daily for 5 days to
investigate the effect of higher nicotine treatment on UGT expression. Tissues were isolated
6 h after the last injection. The expression of UGT1A3 mRNA was induced by nicotine in
the brain (1.6 fold, P < 0.05) (Fig. 1B), while the expressions of UGT1AL and UGT1A6
mRNAs were not changed.

The induction of UGT1A1, 1A3, and 1A6 mRNAS by nicotine was not observed in the liver
in both groups. These findings indicated that nicotine induced the expression of UGT1A3
MRNA selectively in the brain. Induction of brain UGT1A3 mRNA in the nicotine-treated
hUGT1 mice was reproducible (Supplemental Fig. 2).

3.2. Effect of nicotine on expression level of mouse Ugt2b mRNA in brain and liver

In a previous study, expressions of Ugt2b1, 2b5, 2b34, 2b35, 2b36, and 2b37 MRNAs were
detected in mouse brain [18]. In the present study, therefore the expressions of these Ugt2b
isoforms were examined in the brain of hUGT1 mice.

In Group A, the expression levels of Ugt2b1 and Ugt2b5 mRNAs were reduced by nicotine
in the brain (Ugt2b1, 0.45 fold; Ugt2b5, 0.50 fold; P < 0.05) (Fig. 2A). In the liver, the
expressions of the Ugt2b isoforms were not significantly changed by nicotine. Therefore, in
Group A, the expressions of Ugt2b1 and Ugt2b5 mRNAs were reduced by nicotine
selectivity in the brain.

In Group B, expression levels of Ugt2b1, 2b35, 2b36, and 2b37 mRNAs were increased by
nicotine in the brain (Ugt2bl, 2.3 fold; Ugt2b35, 2.2 fold; Ugt2b36, 2.0 fold; Ugt2bh37, 2.1
fold; P < 0.05) (Fig. 2B). In the liver, the expression of Ugt2b5 mRNAs was reduced by
nicotine (0.68 fold; P < 0.05). Therefore, in Group B, the expressions of Ugt2b1, Ugt2h35,
Ugt2b36, and 2b37 mRNAs were induced selectivity in the brain by nicotine. The
expression of Ugt2b34 mRNA was not regulated.

These findings indicated that nicotine regulated Ugt2b expressions dose-independently and
tissue-specifically.

3.3. Effect of nicotine on expression level of mouse Cyp mRNA in brain and liver

It was reported that nicotine induced CYP2B in the brain of rat and monkey, but not in the
liver [7,8]. However, it was unknown whether mouse Cyp2b could be regulated by nicotine
in the brain. Therefore, we examined the expression levels of mouse Cyp2b10 mRNA in
control mouse brain and nicotine-treated mouse brain. In Group A, the expression level of
Cyp2b10 mRNA was not statistically changed by nicotine in both brain and liver (Fig. 3A).
In Group B, the expression level of Cyp2b10 mRNA was induced by nicotine in the brain
(1.7 fold, P < 0.05) (Fig. 3B). However, the expression level of Cyp2b10 mRNA was not
changed by nicotine in the liver. Our data indicate that nicotine induced expression of brain
Cyp2b10 mRNA selectivity in mouse brain, too.
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3.4. Effect of nicotine on UGT1A3 activity in brain

CDCA was reported to be mainly glucuronidated by UGT1A3 and moderately by UGT1A1,
UGT2B7, and UGT2A [14,17]. CDCA glucuronide was detected in the reaction mixtures
containing brain microsomes and human liver microsomes (Supplemental Fig. 3A, B). The
glucuronide was not detected when CDCA was incubated without UDPGA (Supplemental
Fig. 3C).

The activity of CDCA glucuronidation was determined in the brain microsomes in the
control and nicotine-treated hUGT1 mice. We observed that nicotine-treated mice had a 5-
fold higher glucuronidation activity compared to the activity in the control mice, although it
was not statistically significant (Fig. 4).

4. Discussion

Multiple UGT isoforms have been detected in human brains. However, the reported
expression patterns of UGT in human brain were often incongruous with each other [3-5].
In the present study, the expressions of UGT1A1, 1A3, and 1A6 mRNAs were detected in
the brain of hUGT1 mouse by RT-gPCR among the UGT1A members, which is relatively in
agreement with a previous report by Court et al. [4]. They reported that among the UGT1A
members, the expressions of UGT1A1, 1A3, 1A4, 1A6, and LA7 mRNAs were detected in
human brain. The presence of UGT1A pre-mRNA, which contains introns as well, has been
suggested [19]. UGT1A family is encoded by unique first exons and common exons 2-5
[20]. In the present study, the forward and reverse primers that were located on exon 1s and
common exon 2, respectively, were used to detect UGT1A4 and UGT1A7 mRNAs. When
we used forward and reverse primers located on exon 1s of UGT1A4 or UGT1A7 in our
preliminary study, those mMRNAs were detected in the brain (not data shown). These findings
indicate a possibility that not spliced mRNAs, but pre-mRNAs of UGT1A4 and UGT1A7
might be present in the brain. In the previous study by Court et al., the forward and reverse
primers located on exon 1s were used to detect UGT1A4 and UGT1A7 mRNAs. Therefore,
the detected UGT1A4 and UGT1A7 mRNAs in human brain might have been their pre-
MRNAs in their study. To detect spliced mMRNAs of UGT1A family members, forward and
reverse primers that are crossing introns should be used.

In this study, we found that nicotine (3.0 mg/kg) specifically induced the expression of
human UGT1A3 mRNA in the brain (Fig. 1 and Supplementary Fig. 2). While it was not
statistically significant, nicotine-treated mice exhibited higher CDCA glucuronidation in the
brain microsomes (Fig. 4). UGT1A3 metabolizes various exogenous and endogenous
compounds, such as antidepressants (amitriptyline, clomipramine, imipramine), morphine,
non-steroidal antiinflammatory drugs (NSAIDs) (ibuprofen, flubiprofen, diclofenac), and
benzodiazepine (midazolam, lorazepame, oxazepame), that exhibit their pharmacological
effects in brain [21-26]. Therefore, nicotine-treated hUGT1 mice might be useful to
investigate the role of brain UGT1A3 in the regulation of local levels of these drugs and
their effects on the phenotype.

In the previous studies, 1.0 mg nicotine per kg body weight was used to induce the
expression of CYP2B mRNA in rat and monkey brains [7,8]. Therefore, in our preliminary
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study, hUGT1 mice were injected subcutaneously (s.c.) once daily for 7 days with 1.0 mg/kg
weight nicotine. However, as demonstrated in Supplemental Fig. 1, 1.0 mg/kg nicotine did
not regulate the expressions of human UGT1A1, 1A3, 1A6, and mouse Cyp2b10 mRNAS in
hUGT1 mice. It was reported that the half-lives (t1/) of nicotine in plasma were 1.3 h and
1.6 h in rats and monkeys, respectively [27,28]. In contrast, the ty/, of nicotine in blood was
reported to be 6 min in mice [29], indicating that mice needed higher nicotine dosages to
examine the effect of nicotine on the expression of UGT and CYP mRNA. Therefore, in the
current study, hUGT1 mice were treated with 3.0 mg/kg nicotine.

Propofol, which is metabolized by CYP2B, acts primarily on GABA receptors and causes
anesthetic effects [30,31]. It was reported that selective induction and inhibition of CYP2B
in rat brain changed local levels of propofol in the brain and its anesthetic effect [32].
Chlorpyrifos is metabolized by CYP2B to be an active metabolite, chlorpyrifos-oxon, which
inhibits acetylcholinesterase (AChE) and causes of neurotoxicity [33]. Neurotoxicity
through the metabolism of chlorpyrifos was reduced by the inhibition of brain CYP2B in
chlorpyrifos-treated rats [34]. The concentrations of morphine, which is generated from
codeine by CYP2D, was reduced in the brain by inhibiting brain CYP2D in codeine-treated
rats [35]. These data indicate that the regulation of CYPs in the brain impacts local
metabolism of drugs and their response in vivo.

Although the function of UGT in the brain has not been clarified, certain glucuronic acid
conjugates were detected in several brain samples. Glucuronic acid conjugates of
neurotransmitters, such as serotonin (5-HT) and dopamine (DA), were detected in
cerebrospinal fluid (CSF) and microdialysis samples of humans and rats [36-38].
Glucuronic acid conjugates of steroids were also detected in the mouse brain extract [39]. In
an in vitro study, King et al. demonstrated that 5-HT glucronide, which is substrate of
UGT1AG®, was generated in rat brain microsomes [40]. Morphine, which is glucuronidated
by UGT2B7 [41], was also glucronidated in human brain homogenates, rat brain
homogenates, and rat microglia [42—44]. Furthermore, it was first demonstrated that the
brain microsomes had potency to glucuronidate CDCA, which is a selective substrate of
UGT1AZ3, in the previous study. Interestingly, it has been shown that large amounts of
CDCA were present in brain [44]. Therefore, it can be possible that UGTSs in the brain
regulate local levels of these endogenous and exogenous compounds in brain to affect their
pharmacological effects in vivo.

In conclusion, we demonstrated that nicotine regulated the expression levels of human
UGT1A3, mouse Ugt2b, and mouse Cyp2b10 mRNAs in the brains of hUGT1 mice.
Therefore, nicotine-treated hUGT1 mice might be a useful model to investigate the role of
brain UGT in the regulation of local levels of these drugs and their responses. Further
investigations are needed to elucidate the mechanism of the brain-specific induction of drug
metabolizing enzymes by nicotine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Relative expressions of human UGT1A mRNA in brains and livers of hUGT1 mice treated
with nicotine or vehicle in Group A (A) and Group B (B). Results are shown as mean + SD
(n = 3). The expression levels in the vehicle treated mice were defined as 1. *P < 0.05. Veh

= vehicle, Nic = nicotine.
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Fig. 2.
Relative expressions of mouse Ugt2b mRNA in brains and livers of hUGT1 mice treated

with nicotine or vehicle in Group A (A) and Group B (B). Results are shown as mean + SD
(n = 3). The expression levels in the vehicle treated mice were defined as 1. *P < 0.05. Veh
= vehicle, Nic = nicotine.
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Fig. 3.

Relative expressions of mouse Cyp2b10 mRNA in brains and livers of hUGT1 mice treated
with nicotine or vehicle in Group A (A) and Group B (B). Results are shown as mean £ SD
(n = 3). The expression levels in the vehicle treated mice were defined as 1. *P < 0.05. Veh

= vehicle, Nic = nicotine.
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Fig. 4.
CDCA glucuronidation in brain microsomes. Brain microsomes were prepared from control

and nicotine-treated hUGT1 mice. The mean value was shown by dashed lines (n = 7). The
relative activity in the vehicle treated mice was defined as 1. *P < 0.05. Veh = vehicle, Nic =
nicotine.
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Table 1

Sequence of primers for amplification of cDNA.

Isoforms Primer Sequence Annealing temperature (°C)
UGT1A1 = a 5-CCTTGCCTCAGAATT CCT TC-3 60
orward
Reverse 5-CAC AGG ACT GTC TGA GGG ATT TT-3’
UGT1A3 Forward 5-GAG AGG TGT CAG TGG TGG ATATTC T-3’ 60
Reverse 5-CAC AGG ACT GTC TGA GGG ATT TT-3’
UGT1A4 = b 5-CCTGCTGTGTTTTTT TGG AGG T-3/ 60
orward
a 5-ATT GAT CCC AAA GAG AAA ACC AC-3
Reverse
UGT1A5 a 5-ACAATATGTCTT TGATCATA-3 60
Forward
a 5-ATT GAT CCC AAA GAG AAA ACC AC-3
Reverse
/_ _Q/
UGT1A6 Forwardb 5-CAA CTG TAA GAA GAG GAA AGA C-3 54
/_ _a/
Reversea 5-ATT GAT CCC AAA GAG AAA ACC AC-3
UGT1A7 b 5-CCCCTATTTTTT CAA AAATGT CTT-3 60
Forward
a 5-ATT GAT CCC AAA GAG AAA ACC AC-3
Reverse
UGT1A8 a 5-GGT CTT CGC CAG GGG AAT AG-3/ 60
Forward
a 5-ATT GAT CCC AAA GAG AAA ACC AC-3
Reverse
UGT1A9 a 5-GAACATTTATTATGC CAC CG-3 60
Forward
/_ _a/
Reversea 5-ATT GAT CCC AAA GAG AAA ACC AC-3
UGT1A10 a 5-CTCTTT CCT ATG TCC CCAATG A-3 60
Forward
a 5-ATT GAT CCC AAA GAG AAA ACC AC-3’
Reverse
Ugt2bl Forward 5-TTG GGC CGA GCA ATG AAT CT-3’ 60
Reverse 5-GAT AGC AGC TCA CCA CAG GG-¥
Ugt2b5 Forward 5-TTATGC GCC ACA AAA GAG CC-3 60
Reverse 5- AAT CAA GTC AAG TGT TTA GAA GGT G -3/
Ugt2b34 Forward 5-TTC CAG TGG TTG GCATTC CT-¥ 60
Reverse 5-ACA CGA AGA TGC TTG GCT CC-3’
Ugt2b35 Forward 5-CTT GTA CAG AGG GGC CAT GAA-3 60
Reverse 5- TGG GAC CTC AAAAGT CCATTC -3
Ugt2b36 Forward 5- AAG GTG TTG GTA TGG CCG GT-3’ 66
Reverse 5-AGT CCATCT TTC CAC AGC CTT-3’
Ugt2b37 Forward 5-ACA GCT TTT GAATGT GTG GAC T-3 60
Reverse 5-GCG ATT AGC TCC CCA CCA AA-3
Cyp2b10 Forward 5-GCA AGC CAT GTT GCT CCT AA-3 60
Reverse 5-CTT GGA GCC CTG GAG ATT TGG-3’
CPHC Forward 5-CAG ACG CCACTG TCGCTT T-3 60

Reverse

5-TGT CTT TGG AAC TTT GTC TGC AA-3’
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aNakamura etal. (2008) [45].
bIzukawa et al. (2009) [19].

cFujiwara etal. (2012) [46].
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