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ABSTRACT

UDP-glucuronosyltransferases (UGTs) play an important role in the
metabolism and detoxification of amine-containing chemicals; how-
ever, the disposition mechanisms for amines via UGT metabolism are
not fully clear. We aimed to investigate a potential role of UGT2B10 in
N-glucosidation and to determine the transporters for the excretion of
N-glucosides. We first established a human embryonic kidney cell line
293 (HEK293) that stably overexpressed UGT2B10. Incubation of
mianserin or cyclizine with the cells generated one N-glucuronide and
one N-glucoside. Chemical inhibition (using specific chemical inhibitor
Ko143) and biologic inhibition [using specific short hairpin RNA of
breast cancer resistance protein (BCRP)] resulted in a significant
reduction in efflux of N-glucuronide. Similar results were observed

when multidrug resistance–associated protein (MRP4) was inhibited.
Furthermore, inhibition of BCRP led to increased intracellular
N-glucoside, whereas inhibition of MRP4 caused no changes in
disposition of N-glucoside. Overall, the data indicated that BCRP,
not MRP4, was responsible for the excretion of N-glucosides,
whereas both BCRP and MRP4 contributed to excretion of
N-glucuronides. Interestingly, downregulation of N-glucuronidation
led to increased N-glucosidation in the cells, supporting the
glucosidation as a potential complementary pathway for conven-
tional glucuronidation. In conclusion, UGT2B10was for the first time
identified as an N-glucosidation enzyme. Generated N-glucosides
were excreted primarily by the BCRP transporter.

Introduction

UDP-glucuronosyltransferases (UGTs) are a family of phase
2 drug-metabolizing enzymes best known to catalyze the glucuroni-
dation reaction (UDP-glucuronic acid as the cofactor). Since the product
(glucuronide) is hydrophilic and more readily excretable, glucuronidation
is generally regarded as a detoxification process (Rowland et al., 2013).
Human UGTs are categorized into five subfamilies, namely, UGT1A, 2A,
2B, 3A, and 8A (Rowland et al., 2013). The enzymes from subfamilies
UGT1A (nine members) and 2B (seven members) are the main
contributors to drug and chemical glucuronidation (Wu et al., 2011). The
most prevalent site for glucuronidation (i.e., the position for addition of the
glucuronic acid group) is the –OHgroup (e.g., phenolic hydroxyl, alcoholic
hydroxyl or carboxyl). Accordingly, this type of glucuronidation is

termed O-glucuronidation. Most UGT enzymes are capable of
catalyzing O-glucuronidation (Wu et al., 2011). O-glucuronidation
is believed to proceed by using a serine hydrolase-like mechanism
wherein the “histidine-aspartate” dyad deprotonates the –OH group
and facilitates the conjugation reaction (Radominska-Pandya et al.,
2010).
Another common type of glucuronidation occurs at the amine groups and is

termed N-glucuronidation (Kaivosaari et al., 2011). N-glucuronidation,
primarily catalyzed by the two enzymes UGT1A4 and 2B10, plays an
important role in themetabolismanddetoxification of various drugs containing
the amine groups (particularly tertiary amines, e.g., the tricyclic antidepressants
amitriptyline and imipramine) (Zhou et al., 2010; Kanoh et al., 2011; Lu et al.,
2017b). Although the reaction mechanism for N-glucuronidation is not fully
clear, it should differ from that for O-glucuronidation. This is because
UGT1A4 and 2B10 lack the catalytic residue histidine. Although the catalytic
histidine is necessary (nucleophile activation) forO-glucuronidation to occur, it
is not required in N-glucuronidation reactions (Patana et al., 2008; Kerdpin
et al., 2009); however, the N-nucleophiles appear to develop a formal positive
charge during the substitution reaction, requiring a negatively charged (i.e.,
aspartic acid) residue to stabilize the transition state (Patana et al., 2008;
Kerdpin et al., 2009).
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There is accumulating evidence that UGT enzymes also catalyze the
glucosidation reaction inmammals (Meech et al., 2012). In the glucosidation
reaction, UDP-glucose is used as the cofactor instead of UDP-glucuronic
acid. Both cofactors are available in mammalian cells for drug conjugation
(Chau et al., 2014). Many drug molecules (e.g., morphine, phenobarbital,
ibuprofen) and endogenous compounds (e.g., bilirubin, hyodeoxycholic
acid) have been reported to undergo both glucuronidation and glucosidation
(Fevery et al., 1977; Neighbors and Soine, 1995; Mackenzie et al., 2003;
Buchheit et al., 2011; Chau et al., 2014). Furthermore, the human UGT2B7
enzyme has been identified as a main contributor to O-glucosidation
(Mackenzie et al., 2003; Buchheit et al., 2011; Chau et al., 2014); however,
the UGT isozymes responsible for N-glucosidation remain unknown.
Various studies have been devoted to investigating the glucuronidation

pathway in vivo (Xu et al., 2009; Yang et al., 2012; Quan et al., 2015). In
addition to theUGTenzymes, efflux transporters [e.g.,MRPandbreast cancer
resistance protein (BCRP)] play a critical role in determining the pharmaco-
kinetics of drugs undergoing glucuronidation (Xu et al., 2009; Yang et al.,
2012; Quan et al., 2015). Efflux transporters participate in drug disposition by
pumping the glucuronide metabolite (too hydrophilic to diffuse across the
membranes) out of cells (Adachi et al., 2005; Sesink et al., 2005). Failed or
inefficient glucuronide excretion has a negative effect on overall cellular
metabolism, leading to greater exposure of the parent drug (Wang et al., 2016).
This is because intracellular metabolite accumulation favors the deglucur-
onidation reaction (mediated by b-glucuronidase) that convert the metabolite
back to the parent drug (a phenomenon also termed futile recycling) (Sun et al.,
2015b; Zhao et al., 2016). Compared with glucuronidation, drug disposition
via the glucosidation pathway is poorly characterized. Little is known about
the transporters for excretion of N-glucosides.
The disposition mechanisms for amines via UGT metabolism have

not been fully established. The objectives of the present study were to
investigate a potential role of UGT2B10 in N-glucosidation and to
determine the transporters for excretion of N-glucosides. Toward these
goals, we first established a cell line stably overexpressing UGT2B10
enzyme. Disposition of mianserin and cyclizine at a cellular level was
characterized using the engineered cells. The glucosidation activities of
UGTs were determined using an incubation assay supplemented with
UDP-glucose. The transporters for conjugate excretion were elucidated
by using both chemical and biologic inhibition methods. We demon-
strated for the first time that UGT2B10 was an N-glucosidation enzyme
and that BCRP was responsible for excretion of N-glucosides.

Materials and Methods

Materials

The pLVX-PGK-Puro vector was obtained from BioWit Technologies (Shenzhen,
China). Pooled human liver microsomes (HLMs, n = 50), UGT1A1, UGT1A3,
UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B4,
UGT2B7,UGT2B15, andUGT2B17were purchased fromBDBiosciences (Woburn,
MA). Alamethicin, amitriptyline, UDP-glucuronic acid (UDPGA), hecogenin, and
UDP-glucose (UDP-glc) were purchased from Sigma-Aldrich (St Louis, MO).
Amitriptyline N-glucuronide and mianserin N-glucuronide were purchased from
Toronto Research Chemicals (North York, ON, Canada). Cyclizine N-glucuronide
was obtained from Haimen Baikang Biomedical Ltd. (Jiangsu, China). Cyclizine and
desloratadine were obtained from J&K Chemical Ltd. (Beijing, China). Formic acid
and LC-grade acetonitrile were obtained from Millipore (Billerica, MA). Mianserin
was obtained fromAladdin chemicals (Shanghai, China). RabbitmonoclonalGAPDH
(ab181602) and UGT2B4 (ab173580) and mouse monoclonal UGT2B10 (ab57685)
antibodies were obtained from Abcam (Cambridge, MA).

Synthesis of N-Glucosides

N-glucosides of mianserin and cyclizine were synthesized according to the
method developed by Stachulski and colleagues (Iddon et al., 2009). In brief, the
quaternary N-glucosides were generated by direct reaction of a secondary

(N-demethyl) amine with glucose or 6-O-trityl glucose, followed by protection
and quaternization. Their chemical structures were verified by nuclear magnetic
resonance (NMR) analyses.

Mianserin N-Glucoside. 1H-NMR [400 MHz, dimethylsulfoxide (DMSO)-
d6): d 7.34–7.08 (m, 6H), 6.70–6.65 (m, 2H), 5.76 (d, J = 5.8 Hz, 1H), 4.504.34
(m, 2H), 4.3 (brs, 4H), 3.86–3.34 (m, 13H), 3.28 (s, 3H) ppm. 13C-NMR
(100 MHz, DMSO-d6): d 148.8, 140.4, 138.2, 137.6, 132.6, 127.8, 127.6, 127.5,
127.4, 126.6, 126.5, 122.4, 119.6, 113.2, 82.6, 73.5, 70.6, 66.5, 64.2, 64.0, 61.9,
45.2, 44.6, 43.8, 38.6.

Cyclizine N-Glucoside. 1H-NMR (400 MHz, DMSO-d6): d 7.58–7.23 (m,
4H), 7.23–7.20 (m, 6H), 5.65 (d, J = 5.4 Hz, 1H), 5.23 (s, 1H), 4.48 (brs 4H),
4.50–4.34 (m, 1H), 3.65–3.51 (m, 5H), 3.40 (s, 3H), 3.37 (m, J = 8.4 Hz, 4H), 2.54
(t, J = 8.4 Hz, 4H) ppm. 13C-NMR (100 MHz, DMSO-d6): d 142.8 (2C), 132.0,
130.3 (4C), 128.4 (4C), 125.9 (2C), 113.2, 83.3, 83.0, 76.4, 71.2, 62.3, 61.8, 46.8
(2C), 44.5 (2C), 44.2.

Construction of HEK293 Cells Overexpressing UGT2B10 (HEK2B10 Cells)

Human UGT2B10 cDNA was synthesized and subcloned into the XhoI and
MluI sites of the pLVX-PGK-Puro vector. The recombinant vector was stably
transfected into HEK293T cells according to the previously described procedures
(Li et al., 2015; Quan et al., 2015; Sun et al., 2015a). The expressions of
UGT2B10 at mRNA and protein levels in HEK2B10 cells were determined using
the methods [quantitative polymerase chain reaction (qPCR) and Western
blotting] described in our previous publication (Lu et al., 2017a). Cells were
incubated with amitriptyline (a specific UGT2B10 substrate) to verify the enzyme
activity of UGT2B10 in HEK2B10 cells, and the formation of amitriptyline
glucuronide was detected as previously described (Lu et al., 2017a,b). The
nontransfected cells (HEK293-WT cells) were used as a negative control.

Short Hairpin RNA–Mediated Silencing of BCRP and MRP4

We have previously characterized the efflux transporters (BCRP and MRPs) in
HEK293 cells (Sun et al., 2015a). ThemRNAs of BCRP and threeMRP transporters
(MRP1, MRP4, and MRP5) were expressed in HEK293 cells (Sun et al., 2015a);
however, only BCRP andMRP4 proteins were found in the cells (Sun et al., 2015a).
Our previous study also revealed that overexpression of a drug-metabolizing enzyme
in HEK293 cells did not alter the expression profile of efflux transporters (Sun et al.,
2015a). Thus, previously established short hairpin RNA (shRNA)_BCRP and
shRNA_MRP4 plasmids were transiently transfected into HEK2B10 cells following
the procedures as described (Quan et al., 2015).Western blotting was used to validate
their effectiveness in reducing the expression of BCRP orMRP4 protein as described
previously (Quan et al., 2015; Sun et al., 2015a). Forty-eight hours after transfection,
cells were used for metabolite excretion experiments.

Metabolite Excretion Experiments

Metabolite excretion experiments were performed as described previously
(Quan et al., 2015; Sun et al., 2015a). In brief, cells were incubated with 2 ml of
Hanks’ balanced salt solution (HBSS) containing 5 or 20mMsubstrate (mianserin
or cyclizine). To determine the role of efflux transporters, MK-571 (5 mM) or
Ko143 (10 mM) was included in HBSS solution to selectively inhibit the activity
of MRP or BCRP. MK-571 and Ko143 were dissolved in DMSO to make their
respective stork solutions. At each time point (30, 60, 90, and 120 minutes), an
aliquot of incubation solution (200 ml) was withdrawn and immediately
replenished with the same volume of fresh drug-containing HBSS solution. The
withdrawal solution was mixed well with acetonitrile (100 ml). After the last
sampling point, cells were collected and disrupted to determine intracellular
accumulation of metabolites as described (Quan et al., 2015). After centrifugation
(15,000g, 10 minutes), the samples were subjected to ultraperformance liquid
chromatography (UPLC)-quadrupole time-of-flight/mass spectroscopy (MS)
analyses for determination of conjugated metabolites (both glucuronide and
glucoside) of mianserin and cyclizine. The excretion rate of the conjugate and fmet

value of glucuronidation/glucosidation in HEK2B10 cells were calculated as
previously described (Quan et al., 2015; Sun et al., 2015b).

Cell Lysate Preparation

HEK2B10 cells grown in 10-cm dishes were collected in Tris buffer (100 mM)
and lysed by homogenization using a tight-fitting Dounce homogenizer. Cell
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homogenates were centrifuged at 1000g for 5 minutes at 4�C. The supernatant
fraction containing the expressed UGT2B10 enzyme was collected and stored
at 280�C until use. Total protein concentration in cell lysates was determined
using a bicinchoninic acid assay kit (Beyotime, Shanghai, China).

Glucuronidation and Glucosidation Assays

The glucuronidation and glucosidation assays were performed as described
previously withminormodifications (Chau et al., 2014; Lu et al., 2016, 2017b). In
brief, the reaction mixture (100-ml total volume) contained HLM (50 mg/ml) or
recombinant UGT (50 mg/ml) or HEK2B10 cell lysate (160 mg/ml), MgCl2
(4 mM), alamethicin (20 mg/ml), and mianserin or cyclizine in 100 mM Tris-HCl
buffer (pH 7.4). After preincubation at 37�C for 5 minutes, the reaction was
initiated by the addition of 8 mMUDPGA (for glucuronidation assay) or UDP-glc
(for glucosidation assay), and the incubation was continued for another
60 minutes. The specific UGT inhibitor (desloratadine or hecogenin) or
transporter inhibitor (MK-571 or Ko143), whenever applied, was included in
the incubation mixture to examine their influences on the glucuronidation/glu-
cosidation activities of mianserin and cyclizine. The reaction was terminated by
adding 100ml of ice-cold acetonitrile. After vortexing, the incubationmixture was
centrifuged at 15,000g for 10 minutes. The supernatant was collected and
subjected to UPLC- quadrupole time-of-flight/MS analysis. Preliminary exper-
iments were performed to ensure that the rates of glucuronidation/glucosidation
were determined under linear conditions with respect to incubation time
(Supplemental Fig. 1) and protein concentration (Supplemental Fig. 2). To
characterize the kinetics of glucuronidation and glucosidation reactions, various
concentrations of two amines (0.78–100 mM) were incubated with HLMs or
expressed UGT2B10 enzyme in the presence of an equal amount of two UDP
donors (UDPGA and UDP-glc) as described. Kinetic parameters [Km, Vmax, and
intrinsic clearance (CLint)] for N-glucuronidation/glucosidation of each amine

were generated by using theMichaelis-Mentenmodel as described previously (Lu
et al., 2016).

Quantification of Glucuronides and Glucosides

Chromatographic separation was performed using the ACQUITY UPLC
system (Waters, Milford, MA) equipped with a Luna Omega Polar C18 column
(2.1 � 100 mm, 1.6 mm; Phenomenex, Torrance, CA) maintained at 45�C. The
amine drugs and their conjugate metabolites (N-glucuronides and N-glucosides)
were separated using 0.1% formic acid in water (mobile phase A) and acetonitrile
containing 0.1% formic acid (mobile phase B) at a flow rate of 0.35 ml/min. The
gradient elution program was as follows: 0–1 minute, isocratic elution 2% B; 1–
3 minutes, linear gradient 2%–50% B; 3–3.3 minutes, isocratic elution 50% B;
and 3.3–4minutes, linear gradient 50%–2%B.Mass spectrometry was performed
on the Waters Xevo G2 Q-TOF mass spectrometer using the electrospray
ionization source operated at positive ion mode under the conditions described
previously (Lu et al., 2017b). Quantification of mianserin, mianserin
N-glucuronide, mianserin N-glucoside, cyclizine, cyclizine N-glucuronide and
cyclizine N-glucoside was performed using the exacted ion chromatograms ofm/z
265.29, 441.26, 427.29, 267.31, 443.28, and 429.30 Da, respectively (with a mass
window of6 0.05 Da). The concentrations of glucuronides and glucosides were
determined according to the standard curves derived from authentic compounds
(0.005–10 mM). All analytes were verified to be stable during the analytical
period.

Statistical Analysis

Data are presented as mean 6 S.D. Statistical differences were analyzed by
one-way analysis of variance or Student’s t test as appropriate, and the level of
significance was set at P , 0.05 (*) or P , 0.01 (**) or P , 0.001 (***).

Fig. 1. Construction and function validation of HEK2B10 cells. (A) The electrophoresis outcome of pLVX-hUGT2B10-PGK-Puro vector after digestion using XhoI and
MluI enzymes. The red arrow represents the UGT2B10 band at 1605 bp. (B) qPCR analysis confirmed the expression of UGT2B10 mRNA in HEK2B10 cells. Data were
presented as mean 6 S.D. (C) Western blotting analysis confirming the expression of UGT2B10 protein in HEK2B10 cells. The arrow indicates the nonspecific band. (D)
UPLC-MS analysis confirming the N-glucuronidation activity of amitriptyline (a specific UGT2B10 substrate) in HEK2B10 cells. n.d., not detected.
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Results

Establishment of UGT2B10-Overexpressing HEK293 Cells
(HEK2B10 Cells). UGT2B10 cDNA was subcloned into the XhoI
and MluI sites of the pLVX-PGK-Puro vector. Digestion of the
recombinant pLVX-hUGT2B10-PGK-Puro vector by the restriction
enzymes (XhoI and MluI) produced a fragment that corresponded well
to theUGT2B10 cDNA (1605 bp) (Fig. 1A). DNA sequencing confirmed
that the sequence of UGT2B10 cDNA was identical with the published
genomic sequence (NM_001075). The HEK2B10 cells were obtained by
puromycin selection after transducing the lentiviral particles (containing
the recombinant vector) into the wild-type HEK293 cells (HEK293-WT).
The UGT2B10 mRNA was significantly overexpressed in HEK2B10
cells as revealed by qPCR analysis using specific UGT2B10 primers
(Fig. 1B). Accordingly, the UGT2B10 protein was detected by
commercial UGT2B4 and UGT2B10 antibodies in HEK2B10 cells but
not in HEK293-WT cells (Fig. 1C). We previously showed that the
commercial UGT2B4 antibody can recognize UGT2B10 protein (Lu
et al., 2017a). The commercial UGT2B10 antibody produced a non-
specific band (indicated by an arrow in Fig. 1C) as also noted previously
(Lu et al., 2017a). Moreover, amitriptyline N-glucuronide was generated
and excreted into the extracellular solution after incubation of amitrip-
tyline (a UGT2B10 probe substrate) with HEK2B10 cells (Fig. 1D). By
contrast, no metabolite was found in HEK293-WT cells (Fig. 1D). Taken
together, these results indicated that the engineered HEK2B10 cells
significantly expressed active UGT2B10 protein.
UGT2B10 Catalyzes Both N-Glucuronidation and

N-Glucosidation of Mianserin and Cyclizine in HEK2B10 Cells.
Incubation of mianserin or cyclizine with intact HEK2B10 cells

generated one N-glucuronide (a mass increase of 176 Da compared with
the parent amines). UGT2B10 was responsible for N-glucuronidation of
these amines in the engineered cells because the wild-type cells (lacking
in expression of UGT2B10) generated no metabolites (Lu et al., 2017b).
Surprisingly, another type of metabolite, with an increase of 162 Da in
mass and a same retention time as the N-glucuronide, was also found for
each of two amines (Fig. 2A). This metabolite was initially proposed to
be a demethylation product of the N-glucuronide; however, incubation
of each of two amines with HLMs or HEK2B10 cell lysate in the
presence of bothNADPH andUDPGAdid not generate suchmetabolite.
Interestingly, such metabolite was produced when UDP-glc was
included in the incubation system, indicating that it was an
N-glucoside metabolite. By using synthetic authentic compounds, we
confirmed that such metabolite was indeed a quaternary N-glucoside.
Formation of the N-glucosides in HEK2B10 cell lysate and HLMs was
significantly inhibited by desloratadine (a UGT2B10 inhibitor) (Fig. 2,
B and C), suggesting that UGT2B10 catalyzed the N-glucosidation of
mianserin and cyclizine in HEK2B10 cells. In addition, reaction
phenotyping with UGT1A and 2B enzymes showed UGT2B10 was
the only enzyme capable of catalyzing N-glucosidation of the two
amines (Fig. 3A). The rates of glucosidation were not altered by
hecogenin, a specific inhibitor UGT1A4 (Fig. 3B). Therefore, UGT1A4,
the other major N-glucuronidation enzyme, did not catalyze
N-glucosidation reactions.
In the presence of UDP-glc and UDPGA, both glucosides and

glucuronides were generated from mianserin and cyclizine by HLMs
and recombinant UGT2B10 enzyme (Fig. 3C). All reactions obeyed the
Michaelis-Menten kinetics (Fig. 3C). Glucuronidation was more

Fig. 2. UGT2B10 catalyzes the formation of N-glucosides of mianserin and cyclizine. (A) MS/MS spectrum of N-glucosides of mianserin and cyclizine. The insets show the
corresponding chemical structures. (B and C) Effects of desloratadine (20 mM, an UGT2B10 inhibitor) on N-glucosidation of mianserin and cyclizine in HEK2B10 cell
lysates (B) and HLMs (C). Data are presented as mean 6 S.D. ***P , 0.001 compared with vehicle control.

Roles of UGT2B10/BCRP in Cellular N-Glucosidation 973

 at A
SPE

T
 Journals on A

pril 19, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


efficient (with higher Vmax and CLint values) than glucosidation for two
amines in HLMs (Fig. 3C; Table 1). By contrast, similar kinetics were
observed between glucuronidation and glucosidation for mianserin and
cyclizine in UGT2B10 enzyme (Fig. 3C; Table 1).
Concentration-Dependent Excretion of N-Glucuronides and

N-Glucosides in HEK2B10 Cells. Both N-glucuronide and
N-glucoside were efficiently generated and excreted after incubation
of each of two amines (mianserin and cyclizine) with HEK2B10 cells.
Excretion of each N-glucuronide markedly increased with an increase in
the concentration of parent amines (Fig. 4, A–C). The excretion rates at a
concentration of 20 mM for mianserin N-glucuronide and cyclizine
N-glucuronide were 1.13 and 4.89 pmol/min, respectively (Fig. 4C).
Likewise, excretion of each N-glucoside significantly increased with an
increase in the concentration of parent amines (Fig. 4, D–F). The
excretion rates at a concentration of 20 mM for mianserin N-glucoside

and cyclizine N-glucoside were 0.29 and 1.10 pmol/min, respectively
(Fig. 4F).
Effects of Transporter Inhibitors on Excretion of

N-Glucuronides and N-Glucosides in HEK2B10 Cells. N-
glucuronide excretion was significantly decreased by the MRP
inhibitor MK-571 (5 mM) and the BCRP inhibitor Ko143 (10 mM)
(Fig. 5, A and B). Accordingly, the excretion rates of two
N-glucuronides were remarkably decreased (Fig. 5C). By contrast,
the intracellular levels of N-glucuronides were significantly increased
by the transporter inhibitors (Fig. 5D). Furthermore, chemical
inhibition of MRP or BCRP led to a decrease in the extent of
glucuronidation for each amine (Fig. 5E). The results indicated that
the efflux transporters MRP and BCRP were involved in the excretion
of N-glucuronides. Also, these efflux transporters could modify
cellular N-glucuronidation.

Fig. 3. UGT2B10, not UGT1A4, catalyzes N-glucosidation of mianserin and cyclizine. (A) N-glucosidation of mianserin and cyclizine by 13 recombinant human UGT
enzymes. (B) Effects of hecogenin (10 mM, an UGT1A4 inhibitor) on the N-glucosidation of mianserin and cyclizine in HLMs. (C) Kinetic analyses of N-glucuronidation
and N-glucosidation of mianserin and cyclizine in HLMs and UGT2B10 enzyme supplemented with an equal amount of UDPGA and UDP-glu. Data are presented as mean
6 S.D.
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Inhibition of MRP by MK-571 did not show any effects on the
formation and excretion of N-glucosides (Fig. 6). By contrast,
inhibition of BCRP by Ko143 led to a significant increase in
intracellular glucoside levels, as well as a reduction in excretion of
two N-glucosides (Fig. 6, A and B). In contrast to reduced total
N-glucuronidation, both MK-571 and Ko143 enhanced the total
N-glucosidation in HEK2B10 cells (Fig. 6C). Taken together, the
results indicated that BCRP played a dominant role in excretion of
N-glucosides, whereas both MRP and BCRP contributed to excretion
of N-glucuronides. Furthermore, N-glucosidation represented a
complementary metabolic pathway to N-glucuronidation.
Effects of Transporter Inhibitors on N-Glucuronidation and

N-Glucosidation Activities. Previous studies have disclosed that
transporter inhibitors have the potential to alter the enzymatic activities

of phase 2 enzymes (Hu et al., 2003; Barrington et al., 2015; Quan et al.,
2015; Sun et al., 2015a). For a better interpretation of inhibition data of
metabolite excretion, we examined whether MK-571 and Ko143 would
modulate N-glucuronidation and N-glucosidation activities of
UGT2B10. MK-571 (5 mM) had no influences on N-glucuronidation
and N-glucosidation reactions (Fig. 7). Ko143 (10 mM) inhibited the
N-glucuronidation of mianserin and cyclizine (Fig. 7A), whereas it
showed no effects on N-glucosidation reactions (Fig. 7).
Effects of Transporter Knockdown on Excretion of

N-Glucuronides and N-Glucosides in HEK2B10 Cells. The shRNA
targeting MRP4 or BCRP was transiently introduced into HEK2B10
cells. The knockdown efficiency of transporter protein in HEK2B10
cells was verified to be about 50%, similar to our previous results (Li
et al., 2015; Sun et al., 2015a). Silencing of MRP4 or BCRP resulted

TABLE 1

Kinetic parameters derived from N-glucuronidation and N-glucosidation of mianserin and cyclizine by HLMs and
expressed UGT2B10 enzymes supplemented with an equal amount of two UDP donors (UDP-glc and UDPGA)

Data are represented by mean 6 S.D.

Substrate Enzyme Reaction Type
Vmax Km CLint

(pmol/min per milligram) (mM) (ml/min per milligram)

Mianserin

HLM Glucosidation 32.8 6 2.76 13.6 6 3.49 2.41 6 0.65
HLM Glucuronidation 311 6 16.8 72.0 6 7.16 4.32 6 0.49

UGT2B10 Glucosidation 19.4 6 1.01 24.3 6 3.28 0.80 6 0.12
UGT2B10 Glucuronidation 25.1 6 0.89 28.9 6 2.54 0.87 6 0.08

Cyclizine

HLM Glucosidation 1410 6 118 52.6 6 8.99 26.8 6 5.10
HLM Glucuronidation 1883 6 129 50.1 6 7.12 37.6 6 5.90

UGT2B10 Glucosidation 310 6 18.7 16.4 6 2.88 18.9 6 3.51
UGT2B10 Glucuronidation 312 6 16.9 21.14 6 3.09 14.8 6 2.27

CLint, the intrinsic clearance; Km, the Michaelis constant; Vmax, the maximal velocity.

Fig. 4. Concentration-dependent excretions of N-glucuronides and N-glucosides of mianserin and cyclizine in HEK2B10 cells. (A and D) Accumulation of mianserin
N-glucuronide and N-glucoside in extracellular medium. (B and E) Accumulation of cyclizine N-glucuronide and N-glucoside in extracellular medium. (C and F)
Comparisons of efflux rates of two N-glucuronides and two N-glucosides at two substrate concentrations. Data are presented as mean 6 S.D. **P , 0.01; ***P , 0.001.
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in an obvious reduction in excretion of two N-glucuronides (Fig. 8A).
In addition, the intracellular levels of N-glucuronides were signifi-
cantly elevated after MRP4 or BCRP silencing (Fig. 8B). Further-
more, knockdown of single transporter led to a moderate decrease in
overall cellular N-glucuronidation of two amines (Fig. 8C). The
results clearly indicated that MRP4 and BCRP were two important
contributors to excretion of N-glucuronides.

MRP4 silencing did not cause any changes in N-glucosidation of
mianserin and cyclizine or in excretion of their N-glucosides (Fig. 8, D–
F). By contrast, BCRP silencing significantly reduced N-glucoside
excretion and promoted its intracellular accumulation (Fig. 8, D and E).
Interestingly, BCRP silencing resulted in a slight but significant increase
in the extent of total cellular N-glucosidation of mianserin and cyclizine
(Fig. 8F). Taken together, the results indicated that BCRP, not MRP4,

Fig. 5. Efflux transporter inhibitors MK571 (5 mM) and Ko143 (10 mM) inhibit the generation and excretion of N-glucuronides in HEK2B10 cells. (A) MK571 and Ko143
inhibit the accumulation of mianserin N-glucuronide in extracellular medium. (B) MK571 and Ko143 inhibit the accumulation of cyclizine N-glucuronide in extracellular
medium. (C) MK571 and Ko143 reduce the efflux rates of two N-glucuronides. (D) MK571 and Ko143 increase the intracellular concentration of two N-glucuronides. (E)
MK571 and Ko143 reduce the formation of N-glucuronides of mianserin and cyclizine in HEK2B10 cells. Data are presented as mean 6 S.D. **P , 0.01; ***P , 0.001
compared with vehicle control.

Fig. 6. MK571 (5 mM) and Ko143 (10 mM) enhance the formation of N-glucosides in HEK2B10 cells. (A) Effects of MK571 and Ko143 on the intracellular concentrations
of two N-glucosides. (B) Effects of MK571 and Ko143 on the excretions of two N-glucosides. (C) Effects of MK571 and Ko143 on the formation of N-glucosides of
mianserin and cyclizine in HEK2B10 cells. Data are presented as mean 6 S.D. *P , 0.05; **P , 0.01; ***P , 0.001 compared with vehicle control.
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was responsible for excretion of N-glucosides, whereas both BCRP and
MRP4 contributed to excretion of N-glucuronides.

Discussion

In this study, we successfully established a UGT2B10-
overexpressing HEK293 cell line (named HEK2B10 cells) using
lentiviral transfection approach. Disposition of two amines (i.e.,
mianserin and cyclizine) was characterized using the engineered cells.
We demonstrated that UGT2B10 catalyzed both N-glucuronidation
and N-glucosidation, generating both N-glucuronides and
N-glucosides in HEK2B10 cells (Figs. 2 and 4). The specific role of
UGT2B10 in N-glucosidation was confirmed in reaction phenotyping
with recombinant UGT enzymes (Fig. 3). Furthermore, we provided
strong evidence that BCRP was primarily responsible for excretion of
N-glucosides, whereas both BCRP and MRP4 were actively involved

in excretion of N-glucuronides (Figs. 5 and 6). Our study therefore
contributed significantly to a deep understanding of the mechanisms
for cellular disposition of mianserin and cyclizine via UGT
metabolism.
It was a novel finding that UGT2B10 was capable of catalyzing

N-glucosidation reactions by using UDP-glucose as the cofactor.
Identification of an enzyme for N-glucosidation can well explain the
observed N-glucosides in vivo (Neighbors and Soine, 1995). The extent
ratio of N-glucuronidation versus N-glucosidation in HEK293 cells
appeared to be highly dependent on the substrate structures (Figs. 5
and 6). N-glucosidation is an equally important pathway for mianserin
compared with N-glucuronidation. For cyclizine, N-glucosidation is
even more efficient than N-glucuronidation (Figs. 5 and 6). Therefore,
N-glucosidation may play a significant role in the metabolism of
certain amines. It is necessary to characterize this pathway henceforth
which possibly had been underestimated in the past.

Fig. 7. MK571 and Ko143 show minor effects
on UGT2B10 activity. Effects of MK571 and
Ko143 on the (A) glucuronidation and (B)
glucosidation of mianserin and cyclizine by
UGT2B10 enzyme. Data are presented as mean
6 S.D. ***P , 0.001 compared with vehicle
control.

Fig. 8. shRNA-mediated silencing of MRP4 or BCRP decreases N-glucuronidation but enhances N-glucosidation of amines in HEK2B10 cells. (A and D) Knockdown of
MRP4 or BCRP reduced the excretions of N-glucuronides and N-glucosides. (B and E) Knockdown of MRP4 or BCRP increased the intracellular concentrations
of N-glucuronides and N-glucosides. (C and F) Knockdown of BCRP decreased the generation of N-glucuronides in HEK2B10 cells but promoted the generation of
N-glucosides. Data are presented as mean 6 S.D. *P , 0.05; **P , 0.01 compared with scramble-transfected cells.
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A previous study proposed that morphine glucuronidation and
glucosidation occur as complementary metabolic pathways because
both reactions were mediated by a common enzyme (UGT2B7) (Chau
et al., 2014). Consistently, our results lent a strong support to the notion
that glucosidation can serve as a compensating pathway for glucur-
onidation. Inhibition of N-glucuronidation by downregulating metabo-
lite excretion led to increased N-glucosidation in HEK2B10 cells (Figs.
6 and 8). Mechanically, enhancement of N-glucosidation in the cells was
due to elevated exposure of parent drug caused by decreased
N-glucuronidation. This novel reaction compensation mechanism
manifested the versatility of UGT enzymes in chemical detoxification.
It was noteworthy that shRNA_MRP4 decreases the N-glucuronidation
but fails to enhance N-glucosidation (Fig. 8). This was probably because
the extent of N-glucuronidation reduction caused by shRNA_MRP4was
somewhat limited (,10%) and unable to cause a significant change in
N-glucosidation.
We show for the first time that UGT2B10 metabolizes mianserin and

cyclizine using UDP-glucose; however, it was not the first demonstra-
tion that UGT enzymes can use other types of UDP-sugars other than
UDP-glucuronic acid (as the cofactor) to conjugate chemicals. For
instance, UGT2B7 and UGT3A2 use UDP-glucose to glucosidate a
broad range of both xenobiotics and endobiotics (Mackenzie et al., 2003,
2011; Buchheit et al., 2011; Chau et al., 2014). UGT3A1 specifically
catalyzes the transfer of N-acetylglucosamine from UDP-N-
acetylglucosamine to various compounds such as ursodeoxycholic acid
(Mackenzie et al., 2008). UGT8 exclusively uses UDP-galactose to
galactosidate ceramide and bile acids (Meech et al., 2015). The
discovery of significant glucosidation activities of UGT2B7 and
2B10, two important drug glucuronidation enzymes, should change
our traditional view that UGT enzymes are purely glucuronidation
enzymes for drug detoxification (Chau et al., 2014).
It was noteworthy that inhibition of efflux transporter activities led to

reduced total N-glucuronidation in the cells (Fig. 5), a phenomenon
previously termed glucuronidation-transport interplay (Zhang et al.,
2015). This was not surprising because glucuronide efflux is closely
linked to cellular glucuronidation through the deglucuronidation re-
action (i.e., the conversion of metabolite back to the parent drug) (Wang
et al., 2016). Inhibition of glucuronide efflux certainly results in
accumulation of intracellular glucuronide that favors the deglucuroni-
dation, thereby reducing total metabolism (Wang et al., 2016). The
deglucuronidation for O-glucuronides has been reported to be catalyzed
by b-glucuronidase (GUSB) (Sun et al., 2015b). It was reported that
N-glucuronides could be hydrolyzed by GUSB from animals and/or
Escherichia coli (Kowalczyk et al., 2000; Mastrianni et al., 2016).
Whether GUSB is involved in deglucuronidation of N-glucuronides in
humans is still unknown and remains to be determined.
The modulatory potential of transporter inhibitors (MK-571 and

Ko143) on UGT2B10 activity was determined using the glucuronida-
tion/glucosidation assays (Fig. 7). This type of experiment was
necessary to unbiasedly interpret the effects of transporters on cellular
metabolism. Our previous study has shown that MK-571 and Ko143
significantly altered the activity of UGT1A1 enzyme (Quan et al., 2015).
In this study, we found that Ko143 had an inhibitory effect on
N-glucuronidation of mianserin and cyclizine (Fig. 7). Hence, the
reduction in total N-glucuronidation of these two compounds (Fig. 5)
was not solely attributed to inhibition of BCRP. Inhibited enzyme
activity may also play a role in reducing cellular N-glucuronidation;
however, since the intracellular glucuronide level is significantly
elevated, an important role of BCRP in N-glucuronide transport was
conclusive based on the chemical inhibition experiments (Fig. 5) (Quan
et al., 2015) and was further evidenced by the biologic inhibition results
(Fig. 8).

In summary, UGT2B10 catalyzed N-glucuronidation and
N-glucosidation of mianserin and cyclizine, generating both
N-glucuronides and N-glucosides in HEK2B10 cells. The specific
role of UGT2B10 in N-glucosidation was confirmed in reaction
phenotyping with recombinant UGT enzymes. By using both
chemical and biologic inhibition methods, we demonstrated that
BCRP was primarily responsible for excretion of N-glucosides,
whereas both BCRP and MRP4 were actively involved in excretion
of N-glucuronides.
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