








more than 65% of the maximal activity, with the exception of
amitriptyline (52%). However, for some compounds, the maximal
velocity was not fully reached at the 25 mM concentration of UDPGA,
and the formation rate of trifluoperazine-glucuronide did not reach a
plateau at high UDPGA concentrations; UGT1A4 activity represented
only 47% of maximal activity at 5 mM UDPGA. Chenodeoxycholic
acid, trifluoperazine, and testosterone glucuronidation, via UGT1A3,
UGT1A4, and UGT2B17, respectively, exhibited positive cooperativity

in cofactor binding. The detailed kinetic parameters are summarized in
Table 4.
The formation of 5-hydroxytryptophol-glucuronide (UGT1A6) and

gemfibrozil-glucuronide (UGT2B4/2B7) displayed substrate inhibition
kinetics when coincubated with increasing UDPGA concentrations. In
contrast to other UGT probe substrates, the glucuronidation rates started
to decrease above concentrations of 3.75–5 mM UDPGA. At 8 and
25 mM UDPGA, a 21% and 46% reduction in UGT1A6 activity was

Fig. 1. Effect of incubation buffer and increasing MgCl2 concentrations on hepatic UGT activities in pooled HLMs. Bars represent the relative glucuronidation rates of UGT
isoforms determined using estradiol (A), chenodeoxycholic acid (B), trifluoperazine (C), 5-hydroxytryptophol (D), propofol (E), gemfibrozil (F), zidovudine (G),
amitriptyline (H), oxazepam (I), and testosterone (J) in the absence and presence of MgCl2 at different concentrations (1, 2, 5, 8, and 10 mM), and with either potassium
phosphate buffer (black) or Tris-HCl buffer (gray) (100 mM, pH 7.4). For each substrate, the relative UGT activities were expressed as the relative rate percentage and were
assessed by dividing the glucuronide metabolite to internal standard peak area ratio, with the peak area ratio obtained in the presence of Tris-HCl buffer and 10 mM MgCl2
defined as 100%. *P , 0.05; **P , 0.01; ***P , 0.001 (paired t test between phosphate and Tris-HCl incubation buffers). Each bar represents mean 6 S.D. (n = 3).
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observed compared with that at 5 mM UDPGA, respectively (Fig. 2K).
Similarly, a 6%–12.5% reduction in gemfibrozil-glucuronide formation
was observed above a concentration of 5 mM UDPGA. As a result,
5 mM was defined as an optimal concentration of UDPGA to measure
simultaneously the microsomal glucuronidation activity of hepatic UGT
isoforms in an automated glucuronidation assay while also ensuring that
reagent costs are not prohibitive.

Effect of BSA on Hepatic Activity of UGT Isoforms. This study
clearly demonstrated that the effect of BSA supplementation on hepatic
glucuronidation rates was enzyme and substrate dependent (Fig. 3). The
total glucuronidation rate of UGT1A9 and UGT2B7, using propofol and
zidovudine as probe substrates, increased by 1.6- and 3.4-fold, re-
spectively, with 2%BSA supplementation. However, compared with the
absence of BSA, the total metabolic activity of UGT1A4 (trifluoperazine

Fig. 2. Kinetics of 10 UGT probe substrates over a wide UDPGA concentration range (1, 2.5, 3.75, 5, 8, 12, 16, and 25 mM) in pooled HLMs. Symbols represent the
mean peak area ratio of glucuronide metabolite to internal standard 6 S.D. (n = 3). The solid line represents the fit of the reaction velocity plotted against increasing
UDPGA concentrations using nonlinear least-squares regression analysis. Experimental data were fitted by using a Michaelis–Menten kinetic model estradiol (A),
propofol (B) and zidovudine (C), an allometric sigmoidal kinetic model chenodeoxycholic acid (D), trifluoperazine (E), amitriptyline (F), oxazepam (G), and
testosterone (H), and a substrate inhibition kinetic model 5-hydroxytryptophol (I) and gemfibrozil (J) Relative glucuronidation rate of UGT isoforms using selective
UGT probe substrates over a wide UDPGA concentration range (1, 2.5, 3.75, 5, 8, 12, 16, and 25 mM) in pooled HLMs (K). Relative UGT activities were expressed as
the relative rate percentage and were assessed by dividing the glucuronide metabolite to internal standard peak area ratio, with the peak area ratio obtained in the
presence of 5 mM UDPGA defined as 100%. Dotted and dashed lines represent the relative glucuronidation formation of 5-hydroxytryptophol (UGT1A6) and
gemfibrozil (UGT2B4/2B7).
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glucuronidation) in HLMs decreased by 12.5% in the presence of 2%BSA
(Fig. 3, part I). For the remaining compounds, the metabolic activity of
UGT1A1, UGT1A3, UGT2B15, and UGT2B17 decreased by 75%, 91%,
87%, and 60% with the 2% BSA supplementation, respectively. The total
glucuronidation activity of UGT1A6 (5-hydroxytryptophol glucuronida-
tion) and UGT2B10 (amitriptyline glucuronidation) remained unchanged
with increasing BSA concentrations.
In the absence of BSA, the unbound fraction of UGT probe substrates

ranged from less than 2% for trifluoperazine to 100% for zidovudine and
5-hydroxytryptophol (Fig. 3, part I). The effect of BSA on the unbound
fraction varied between substrates. No changes in unbound fractionwere
observed for trifluoperazine, propofol, and amitriptyline with increasing
BSA concentrations up to 2%. The unbound fraction for gemfibrozil
reached values near the lower limit of quantification with increasing BSA
concentrations. In contrast, for the remaining probe substrates, the fraction
unbound measured in the incubation mixture decreased in the presence of
BSA, between 1.5-fold and 6.3-fold for 5-hydroxytryptophol and cheno-
deoxycholic acid, respectively. However, unbound fractions could not be
determined for b-estradiol with increasing BSA concentrations.
Glucuronide formation rates of UGT substrates were corrected for the

experimentally measured unbound fraction (Fig. 3, part II). Our results
indicated that the optimal BSA concentration at which the greatest
unbound glucuronidation activity was obtained differed across UGT
isoforms, being both enzyme and substrate dependent. With the
exception of UGT1A6, the greatest unbound glucuronidation rates were
not systematically obtained in the presence of 2% BSA. The greatest
unbound glucuronidation activities were obtained in the presence of
0.2% BSA (testosterone via UGT2B17), 0.5% BSA (chenodeoxycholic
acid via UGT1A3), and 1%BSA (propofol viaUGT1A9, zidovudine via
UGT2B7, and oxazepam via UGT2B15), compared with those without
BSA supplementation. In addition, BSA inhibitory effects on unbound
glucuronidation activities were observed for several UGT isoforms from
0.1% BSA for UGT1A4, 0.5% BSA for UGT2B17, or 1% BSA for
UGT1A3, UGT1A9, UGT2B7, and UGT2B15.
Effect of BSA on Between-Subject Activity of UGT Isoforms.

The effect of BSA on the between-subject variability in the formation rate
of chenodeoxycholic acid-glucuronide (UGT1A3), trifluoperazine-
glucuronide (UGT1A4), propofol-glucuronide (UGT1A9), and
zidovudine-glucuronide (UGT2B7) was assessed using 15 individual
HLMs characterized with low, moderate, and high corresponding
glucuronidation activity (in-house data). As illustrated in Fig. 4, the

between-subject variability in glucuronidation activity was not signifi-
cantly reduced in the presence of either 0.1% or 0.5% BSA compared
with that to 0% BSA (P . 0.05). Between-subject variability of
zidovudine-glucuronide formation (UGT2B7) decreased up to 12% in
the presence of 0.5%BSA. In contrast, the variability inUGT1A9 activity
(propofol-glucuronide) across individuals slightly increased by 5%.

Discussion

In our study, we aimed to develop and optimize an automated
UHPLC-MS/MS–based UGT profiling assay to assess simultaneously
the glucuronidation activity of 10 hepatic UGT isoforms using a cocktail
incubation approach in HLMs. We identified and implemented meth-
odological and technical improvements to reduce the discrepancies in
glucuronidation activity observed across studies, which are in part due to
a lack of standardization (Badée et al., 2018).
We developed an automated assay using a Tecan Fluent system at

Hoffman-La Roche Ltd. Due to its flexible and configurable architec-
ture, a large number of experimental condition combinations could be
achieved and this facilitated the systematic testing that is required to
improve the measurement of in vitro glucuronidation activity. Our
proposed UGT profiling assay is intended for UGT clearance optimi-
zation and phenotyping. Prediction of human drug clearance by in vitro
to in vivo scaling data has not been the objective.
Cocktails and individual incubations of selected UGT probe sub-

strates using HLMs were compared to ensure that interactions among
substrates were avoided. The proposed substrate cassetting approach
allows efficient monitoring of 10 glucuronidation activities with mini-
mal effect on enzyme activity or analytical interactions among substrates
even under high metabolism conditions (Table 3). However, compared
with the situation for cytochrome P450 enzymes where selective substrates
and inhibitors exist (Zientek and Youdim, 2015), UGT isoform-selective
substrates or inhibitors are either limited or not available. Our study
highlighted the critical challenge of obtaining selective UGT probe
substrates. Although some of the UGT probe substrate reactions used in
this study show good enzyme selectivity (e.g., for b-estradiol, trifluoper-
azine, 5-hydroxytryptophol, propofol, and zidovudine), other probe
substrates such as gemfibrozil, oxazepam, and chenodeoxycholic acid
are less selective. Gemfibrozil is metabolized by both UGT2B4 and
UGT2B7 isoforms (Mano et al., 2007). In these studies, no selective
UGT2B7 inhibitor was coincubated with gemfibrozil, but this could be

TABLE 4

Hepatic glucuronidation activities using 10 UGT probe substrates in pooled HLMs and in the presence of increasing UDPGA concentrations (1, 2.5, 3.75, 5, 8, 12, 16,
and 25 mM)

Values are presented as the mean 6 S.D. unless otherwise mentioned.

UGT Substrate Concentration (5 mM) Km Maximal Reaction Rate S50 Hill Coefficient Ki
Maximal Activity at
5 mM UDPGA

Model

mM mM mM %

b-Estradiol 1.77 6 0.14 0.64 6 0.01 N/A N/A N/A 73 MM
Chenodeoxycholic acid 4.79 6 0.80 0.27 6 0.01 2.29 6 0.12 1.89 6 0.18 N/A 80 SMM
Trifluoperazine 9.13 6 0.99 0.34 6 0.02 5.59 6 0.56 1.29 6 0.11 N/A 47 SMM
5-Hydroxytryptophol 2.79 6 1.74 1.02 6 0.40 N/A N/A 3.69 6 2.02 84c SI
Propofol 0.80 6 0.17 0.09 6 0.00 N/A N/A N/A 76 MM
Gemfibrozil 0.04 6 0.10 0.40 6 0.02 N/A N/A 113.7 6 61.8 89c SI
Zidovudinea 2.47 6 0.33 0.29 6 0.01 N/A N/A N/A 65 MM
Amitriptyline 3.07 6 0.19 1.19 6 0.07 4.47 6 0.83 0.75 6 0.07 N/A 52 SMM
Oxazepamb 1.02 6 0.12 0.07 6 0.00 1.04 6 0.18 0.68 6 0.14 N/A 75 SMM
Testosterone 1.63 6 0.20 1.59 6 0.03 1.28 6 0.07 1.94 6 0.21 N/A 96 SMM

Ki, substrate inhibition constant; Km, UDPGA affinity constant; MM, hyperbolic Michaelis–Menten model; N/A, not available; S50, UDPGA concentration at which half of maximal activity is
reached; SI, substrate inhibition model; SMM, sigmoid Michaelis–Menten model.

aIncubation of 100 mM zidovudine.
bIncubation of racemic oxazepam.
cMaximal activity reached at 2.5 mM UDPGA.
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done in the future to enhance the selectivity of gemfibrozil for UGT2B4. In
addition, oxazepam was formulated as a racemic preparation of S- and R-
enantiomers, as S-oxazepam was not available. S-oxazepam is principally
metabolized by UGT2B15, whereas R-oxazepam is also metabolized by
additional UGTs, mainly UGT1A9 and UGT2B7 (Court et al., 2002).
However, we demonstrated in stereoselective analyses that S-oxazepam
glucuronide was mostly generated by pooled HLMs (80.7% 6 2.9%)
compared with R-oxazepam glucuronide under the incubation conditions
used in this study (in-house data), which allowed the use of the racemic
oxazepam to assess the microsomal glucuronidation activity of UGT2B15.
Chenodeoxycholic acid is mainly metabolized by UGT1A3, with a minor

relative contribution of UGT2B7 and UGT1A1 (Gradinaru et al., 2015).
The relative activity of recombinantly expressed UGT1A1 and UGT2B7
isoformswas less than 1.5% ofUGT1A3 activity in chenodeoxycholic acid
glucuronidation (in-house data), indicating a good selectivity of cheno-
deoxycholic acid for UGT1A3. However, chenodeoxycholic acid would
not be a useful UGT1A3 probe substrate in amore complex system such as
hepatocytes, due to very high taurine and glycine conjugation rates
(Thakare et al., 2018). Raloxifene, considered as a partial substrate of
UGT1A8 and UGT1A10 (Kemp et al., 2002), was not included in our
report, as neither UGT isoform was detected in HLMs (Fallon et al., 2013;
Margaillan et al., 2015). However, we found that raloxifene could be

Fig. 3. Effect of increasing BSA concentrations on the total glucuronidation rates of hepatic UGT isoforms in pooled HLMs (part I). Circles and dashed lines represent
the unbound fraction of estradiol (A), chenodeoxycholic acid (B), trifluoperazine (C), 5-hydroxytryptophol (D), propofol (E), gemfibrozil (F), zidovudine
(G), amitripyline (H), oxazepam (I), and testosterone (J) measured in HLMs in the absence and presence of increasing BSA concentrations (0.1%, 0.2%, 0.5%, 1%,
1.5%, and 2% w/v). Black bars represent the total relative rate percentage, which were determined by dividing the glucuronide metabolite to internal standard peak area
ratio. Effect of increasing BSA concentrations on the unbound glucuronidation rates of hepatic UGT isoforms in pooled HLMs (part II). Protein binding was determined
via high-throughput equilibrium dialysis for chenodeoxycholic acid (A), trifluoperazine (B), 5-hydroxytryptophol (C), propofol (D), zidovudine (E), amitriptyline
(F), oxazepam (G), and testosterone (H). Protein binding in HLMs was not measurable for b-estradiol. Gray bars represent the unbound glucuronidation relative rates
corrected by the experimentally measured unbound fraction. For each substrate, the glucuronide metabolite to internal standard peak area ratio obtained without BSA
supplementation was defined as 100%. *P , 0.05; **P , 0.01; ***P , 0.001 (paired t test compared with 0% BSA). Each bar represents mean 6 S.D. (n = 3).
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combined with trifluoperazine and gemfibrozil in a cassette (at 5 mM) (in-
house data) and may be a useful additional probe for investigations of
extrahepatic raloxifene metabolism using human intestinal microsomes,
where UGT1A8 and UGT1A10 are highly expressed (Tukey and
Strassburg, 2000).
The lack of standardization of incubation conditions of in vitro

glucuronidation assays is one of the main sources of interstudy
variability. Therefore, we examined whether standardized incubation
conditions would enhance the determination of glucuronide formation
rates of multiple hepatic UGT isoforms in HLMs. Our results indicated
that greater microsomal glucuronidation activity by different hepatic
UGT isoforms was obtained using 10 mM MgCl2 and 5 mM UDPGA
with 100 mM Tris-HCl buffer. This is in agreement with a previous
study by Walsky and colleagues. They demonstrated greater activity of
five hepatic UGT isoforms (UGT1A1, UGT1A4, UGT1A6, UGT1A9,
and UGT2B7) using 10 mM MgCl2 with 100 mM Tris-HCl buffer
compared with those obtained with potassium phosphate buffer and
0–5 mM MgCl2. Our results further revealed that glucuronidation
activities of previously less characterized UGT isoforms (UGT1A3,
UGT2B10, UGT2B15, and UGT2B17) were enhanced under the
aforementioned optimized conditions (Fig. 1).

A 5 mM UDPGA concentration is generally used in UGT phenotyp-
ing assays in HLMs, although the impact of varying UDPGA
concentration has not yet been systematically examined. A recent
publication from Lu et al. (2017) demonstrated that the maximal
metabolic activity of UGT1A4 and UGT2B10 was reached when 8 mM
UDPGA was used, which was the highest UDPGA concentration tested.
In this study, we demonstrated that the microsomal activity of hepatic
UGT isoforms increased as the UDPGA concentration increased. The
selected substrates panel, with the exception of 5-hydroxytryptophol and
gemfibrozil, followed either hyperbolic Michaelis–Menten kinetics or
sigmoidal kinetics, reaching 52%–96% of maximal activity at 5 mM
UDPGA (Fig. 2). Thus, we demonstrated that the concentration of the
main cosubstrate had a significant impact on the microsomal UGT
metabolic capacity. The reasons why the activity of UGT1A6 and
UGT2B4/2B7 decreases with UDPGA concentrations above 5 mM
remain to be determined, but a recent article by Walia et al. (2018)
supports our findings. They found that the combination of 5mMUDPGA
and 10 mM MgCl2 led to maximal activities in both HLMs and
recombinantly expressed UGT1A1 and UGT1A4 isoforms, but not in
UGT1A6 and UGT1A9, for which the specific mechanism appeared to
be susceptibility to inhibition by UDP (a product of the cosubstrate).

Fig. 4. Between-subject variability of UGT1A3 (A), UGT1A6 (B), UGT1A9 (C), and UGT2B7 (D) activity in the absence and presence of BSA (0.1% and 0.5% w/v) and
using a panel of 15 individual HLMs. Hepatic glucuronidation activity data were reported as the relative rate percentage, with the average activity rate defined as 100%
(dashed line). Each point represents mean 6 S.D. (n = 3). CV, coefficient of variation.
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Of note, saccharolactone was not included in this optimization. Walsky
et al. (2012) demonstrated that saccharolactone supplementation did not
significantly affect the microsomal activity of UGT1A1, UGT1A6, and
UGT2B7, whereas decreased activity of UGT1A4 and UGT1A9 was
observed. Nevertheless, inclusion of saccharolactone is favored by some
laboratories and its addition may be helpful where significant microsomal
glucuronidase activity toward individual drug compounds exists.
The inclusion of BSA is thought to sequester inhibitory fatty acids

produced during microsomal incubation, and enhanced the turnover of
some UGT substrates while inhibiting that of others (Rowland et al.,
2007, 2008; Walsky et al., 2012). Our results are consistent with
published data. Total and unbound UGT1A9 and UGT2B7 glucuroni-
dation activity, using propofol and zidovudine as probe substrates,
increased by up to 74% and 343%, respectively, in the presence of 2%
BSA compared with that in the absence of BSA (Fig. 3). Although the
addition of BSA enhanced the unbound glucuronidation activity of a
number of UGT isoforms, the recommended BSA concentration of 2%
did not systematically produce the greatest unbound activity. We
demonstrated that the BSA inhibitory effects on either total or unbound
glucuronidation activities of UGTs were BSA concentration, isoform,
and substrate dependent. We noted that the variability in activity was not
significantly reduced between different HLM donors, as might have
been expected if each donor sample contained an individual and varied
concentration of fatty acids (Fig. 4). We hypothesized that this is due to
the lack of donor-dependent fatty acid concentrations present in the
individual donor microsomal incubations, although the concentrations
and identified fatty acids released during incubation were not in-
vestigated. Therefore, we considered that the inclusion of BSA was
not advantageous when considering the simultaneous characterization of
microsomal glucuronidation activities of hepatic UGT isoforms. This
is especially true for new drug molecules of moderate to high lip-
ophilicity, as the greatly enhanced protein binding significantly out-
weighed the 2- to 3-fold activity enhancement of a small number of UGT
enzyme activities and especially if intrinsic clearance of parent drug is the
main measurement. Therefore, high total glucuronidation activity tools
may be more suitable for the characterization of metabolically stable new
drug candidates especially when the effect of BSA binding and the
identity of the UGT enzymes involved in metabolism have not yet been
determined, and where BSA-related binding may substantially diminish
metabolism measurability.

Conclusions

To date, few in vitro UGT profiling studies have been reported using
conditions optimized for such a wide variety of UGT isoform activities.
In addition, only small numbers of positive control compounds are
routinely deployed as markers of UGT activity in phenotyping experi-
ments. In a pharmaceutical industry setting, use of the proposed
substrates panel will allow control of multiple glucuronidation reactions
in the automated screens used for compound optimization. The substrate
cassetting approach enables more data to be generated using the same
amount of (sometimes scarce) biologic material and analytical resources.
Automated glucuronidation assays making use of these control cassettes
and optimized experimental settings also enable more effective perfor-
mance of multiple-donor activity studies, such as for correlation
analyses, ontogeny investigations, or assessment of the effects of UGT
polymorphism on drug clearance.
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