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ABSTRACT

6-Chloro-5-[4-(1-hydroxycyclobutyl)phenyl]-1H-indole-3-carboxylic
acid (PF-06409577) is a direct activator of the human b1-containing
adenosine monophosphate-activated protein kinase (ΑMPK) isoforms.
The clearance mechanism of PF-06409577 in animals and humans
involves uridine diphosphoglucuronosyl transferase (UGT)–mediated
glucuronidation to an acyl glucuronide metabolite of PF-06409577
[(2S,3S,4S,5R,6S)-6-((6-chloro-5-(4-(1-hydroxycyclobutyl)phenyl)-
1H-indole-3-carbonyl)oxy)-3,4,5-trihydroxytetrahydro-2H-pyran-2-
carboxylic acid (M1)], which retains selective activation of human
b1-containing AMPK isoforms. This paper describes a detailed
characterization of the human UGT isoform(s) responsible for glucur-
onidation of PF-06409577 to M1. Studies using a panel of 13 human
recombinant UGT (hrUGT) enzymes indicated that PF-06409577 was
converted to M1 in a highly selective fashion by UGT1A1, which was
further verified in human liver microsomes treated with specific
chemical inhibitors, and in different UGT1A1 expressers. Conversion

of PF-06409577 to M1 by UGT1A1 occurred in a relatively selective
fashion, compared with b-estradiol (ES), a conventional probe
substrate of UGT1A1. The Michaelis-Menten constant (KM) and
Vmax values describing the formation of M1 from PF-06409577 in
hrUGT1A1 and microsomal preparations from human intestine,
liver, and kidney ranged from 131 to 212 mM (KM) and 107–3834
pmol/min per milligram (Vmax) in the presence of 2% bovine serum
albumin. Relative activity factors (RAF) were determined for
UGT1A1 using PF-06409577 and ES to enable estimation of in-
trinsic clearance from various tissues. RAF values from
PF-06409577 and ES were generally comparable with the exception
of intestinal microsomes, where ES overestimated the RAF
of UGT1A1 due to glucuronidation by intestinal UGT1A8 and
UGT1A10. Our results suggest the potential utility of PF-06409477 as
a selective probe UGT1A1 substrate for UGT reaction phenotyping
and inhibition studies in preclinical discovery/development.

Introduction

A recent paper from our laboratory (Cameron et al., 2016) reported
structure-activity relationship studies on a series of indole-3-carboxylic
acid derivatives as direct activators of human adenosine monophosphate-
activated protein kinase (AMPK), a protein kinase involved in maintain-
ing energy homeostasis within cells, which culminated in the discovery of
6-chloro-5-[4-(1-hydroxycyclobutyl)phenyl]-1H-indole-3-carboxylic
acid (PF-06409577) (Fig. 1) as a potent, direct, and selective activator
of the human a1b1g1 AMPK isoform. On the basis of its attractive
preclinical pharmacokinetics, pharmacodynamics, and safety, PF-06409577
has been advanced into first-in-human clinical trials for the potential
treatment of diabetic nephropathy. Themetabolic eliminationmechanism of

PF-06409577 in animals and humans involves glucuronidation by a uridine
diphosphoglucuronosyl transferase (UGT) isoform(s) (Cameron et al., 2016).
PF-06409577 is resistant toward oxidative modifications by cytochrome
P450 enzymes in liver microsomes and/or hepatocytes from preclinical
species and human. Recently, we described the biosynthetic preparation,
purification, and structural characterization of the glucuronide conjugate of
PF-06409577—(2S,3S,4S,5R,6S)-6-((6-chloro-5-(4-(1-hydroxycyclobutyl)-
phenyl)-1H-indole-3-carbonyl)oxy)-3,4,5-trihydroxytetrahydro-2H-pyran-
2-carboxylic acid (M1)—obtained from incubations of the parent
compound in uridine 59-diphosphoglucuronic acid (UDPGA)–supple-
mented human liver microsomes (HLM) (Ryder et al., 2018). A
combination of chemical derivatization and spectral characterization
studies on purified M1 indicated that the metabolite was derived from
the glucuronidation of the carboxylic acid moiety in PF-06409577
(Fig. 1). In vitro pharmacological evaluation utilizing a time-resolved
fluorescence resonance energy transfer activation/protection assay
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ABBREVIATIONS: AMPK, adenosine monophosphate-activated protein kinase; AZT, zidovudine; BSA, bovine serum albumin; CLint, intrinsic
clearance; CLint,u, unbound intrinsic clearance; DMSO, dimethylsulfoxide; ES, b-estradiol; ES-3-G, b-estradiol-3-glucuronide; HIM, human intestinal
microsomes; HKM, human kidney microsomes; HLM, human liver microsomes; hrUGT, human recombinant UGT; IS, internal standard; KM,
Michaelis-Menten constant; LC-MS/MS, liquid chromatography–tandem mass spectrometry; M1, (2S,3S,4S,5R,6S)-6-((6-chloro-5-(4-(1-
hydroxycyclobutyl)phenyl)-1H-indole-3-carbonyl)oxy)-3,4,5-trihydroxytetrahydro-2H-pyran-2-carboxylic acid; PF-06409577, 6-chloro-5-[4-(1-
hydroxycyclobutyl)phenyl]-1H-indole-3-carboxylic acid; RAF, relative activity factor; UDPGA, uridine 59-diphosphoglucuronic acid; UGT, uridine
diphosphoglucuronosyl transferase.
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revealed that M1 was an active metabolite, and retained selective
activation of the human b1-containing AMPK isoforms. Cocrystalliza-
tion of the human AMPK a1b1g1 isoform with PF-06409577 and M1
provided molecular insights into the structural basis for AMPK
activation by the phase 2 conjugation product (Ryder et al., 2018).
Mammalian UGTs comprise a superfamily of endoplasmic reticulum

membrane–bound enzymes, which are expressed in liver and extrahe-
patic tissues such as small intestine, kidney, brain, skin, breast, uterus,
and prostate (Mackenzie et al., 1997; Tukey and Strassburg, 2000, 2001;
Fisher et al., 2001; Hu et al., 2014). UGTs primarily catalyze the
covalent adduction of glucuronic acid, derived from the cofactor
UDPGA, to structurally diverse nucleophilic substrates (e.g., phenols,
alcohols, amines, thiols, and carboxylic acids) (Miners and Mackenzie,
1991; Hawes, 1998; Sakaguchi et al., 2004; Kaivosaari et al., 2011;
Argikar, 2012). Compared with the plethora of clinically relevant drug-
drug interactions arising via inhibition or induction of cytochrome P450
enzyme activities, drug-drug interaction risks due to the inhibition or
induction of human UGTs are considered to be relatively low (Kiang
et al., 2005; Devineni et al., 2015; Krishna et al., 2016). Likewise,
clinically relevant examples that require dose adjustment for a poor
UGT-metabolizer genotype are rare, except for reports on some
UGT1A1 substrates (Toffoli et al., 2006; Court, 2010). Nevertheless,
a thorough evaluation of the potential for UGT drug-drug interactions,
both as perpetrator and victim, needs to be considered when developing
new chemical entities, as highlighted in recent reviews on this topic
(Bjornsson et al., 2003; Zhang et al., 2010).
The present article summarizes our efforts toward reaction phenotyp-

ing studies aimed at identifying the UGTs responsible for conversion of
PF-06409577 to M1. Incubation of PF-06409577 with 13 individual
human recombinant UGTs (hrUGTs) revealed that metabolism of
PF-06409577 to M1 was selectively catalyzed by polymorphic
UGT1A1 (Beutler et al., 1998; Duguay et al., 2004; Sai et al., 2004;
Sugatani, 2013). Significant impairment of the glucuronidation of
PF-06409577 in UDPGA-supplemented HLM pretreated with specific
UGT1A1 inhibitors or in HLM possessing UGT1A1*1/*28 or
UGT1A1*28/*28 genetic mutations in the promoter region of UGT1A1,
polymorphisms that correspond to reduced enzyme activity, further
confirmed the selective role of this isozyme in the formation of M1.
PF-06409577was found to be considerablymore selective as aUGT1A1
substrate in comparison with the prototypic UGT1A1 probe substrate
b-estradiol (ES) used in UGT inhibition studies. The kinetic parameters
(Vmax, i.e., the maximum rate of glucuronidation) and the Michaelis-
Menten constant (KM) for the conversion of PF-06409577 to M1 were
obtained with hrUGT1A1 and microsomal preparations obtained from
human intestine, liver, and kidney, which are known to express
UGT1A1 protein (Ohno and Nakajin, 2009; Harbourt et al., 2012;
Fujiwara et al., 2015). UGT1A1 relative activity factor (RAF) values
determined with PF-06409577 were similar to ES in all tissues except
microsomal preparations from human small intestine. In addition to
UGT1A1, the conversion of ES to b-estradiol-3-glucuronide (ES-3-G)

was catalyzed by UGT1A3 and intestine-specific UGT1A8 and 1A10
isoforms (Tukey and Strassburg, 2001), whereas PF-06409577 was not
a substrate for UGT1A3, 1A8, and 1A10. Overall, our results suggest
that PF-06409477 is a significantly more selective UGT1A1 probe
substrate compared with ES.

Materials and Methods

Materials. The synthesis of compound PF-06409577 (chemical pu-
rity .99% by high-performance liquid chromatography and NMR) has been
previously reported (Cameron et al., 2016). PF-06409577 is commercially
available from Sigma Aldrich (St. Louis, MO). The biosynthetic methodology
(scale-up of UDPGA-supplemented HLM incubations of PF-06409577) for
preparation of the acyl glucuronide M1 has been previously described (Ryder
et al., 2018). Examination of the degradation kinetics of the biochemically
isolated M1 in deuteriated phosphate buffer (pH ;7.4) at 37�C using a NMR
method developed to monitor the disappearance of the anomeric proton
(d;5.7–5.8 ppm) in b-O-1-acyl glucuronides revealed that M1 was inert
toward hydrolysis or acyl migration (half-life. 21 hours) (Ryder et al., 2018).
As a general precaution, solid material corresponding to parent (PF-06409577)
and acyl glucuronide (M1) was stored in sealed vials under argon. Stock
solutions of PF-06409577 and M1 were freshly prepared in dimethylsulfoxide
(DMSO) for each experiment, since long-term storage (.7 days) of the DMSO
stock solutions of PF-06409577 and M1 can result in compound degradation
(dehydration in PF-06409577 and hydrolysis of M1 to PF-06409577) to some
degree (2% to 3%). Alamethicin, UDPGA trisodium salt, trizma hydrochlo-
ride, ES, ES-3-G, diclofenac, digoxin, zidovudine (AZT), propofol, 1 M
potassium phosphate dibasic solution, 1 M potassium phosphate monobasic
solution, bovine serum albumin [(BSA), product A7906], and DMSO were
purchased from Sigma Aldrich. Alamethicin, UDPGA trisodium salt, trizma
hydrochloride, ES, ES-3-G, diclofenac, digoxin, AZT, propofol, 1 M potas-
sium phosphate dibasic solution, 1 M potassium phosphate monobasic
solution, BSA (product A7906), and DMSO were purchased from Sigma
Aldrich. Atazanavir and 1-napthyl-glucuronide were purchased from Sequoia
Research Products (Pangbourne, United Kingdom). Zidovudine-59-glucuronide,
[13C6]zidovudine-59-glucuronide, 5-hydroxytryptophol, propofol-O-glucuronide,
trifluoperazine-N-glucuronide, and [D3]trifluoperazine-N-glucuronide were pur-
chased from Cerilliant (Austin, TX). 5-Hydroxytryptophol-glucuronide was
obtained by biosynthesis as detailed in Walsky et al. (2012). Pooled HLM
prepared from 50 mixed-gender donors (20.0 mg of microsomal protein/ml or
0.302 nmol of total UGT/mg of microsomal protein, 43.6 pmol of total UGT1A1/
mg of microsomal protein) were obtained from BD Gentest (Woburn, MA).
cDNA-expressed hrUGTswere procured fromBDGentest. The following hrUGT
enzymes were used in the activity screening studies: UGT1A1, UGT1A3,
UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B4,
UGT2B7, UGT2B10, UGT2B15, and UGT2B17, and also a nonactive UGT
control protein was used to provide a uniform protein concentration among UGT
incubation reactions. Genotyped HLM obtained from BD Gentest were pooled
from five donors as follows: UGT1A1 *1/*1 HH2 (Caucasian male), HH74
(Caucasian male), HH75 (Caucasian male), HH88 (Caucasian female), HH110
(Caucasian female); UGT1A1 *1/*28 HH41 (Caucasian female), HH71 (Cauca-
sian male), HH98 (Caucasian male), HH103 (African-American female), HH105
(Caucasian male); and UGT1A1 *28/*28 HH9 (Caucasian male), HH81
(Caucasian male), HH82 (Caucasian female), HH90 (Caucasian male), HH95
(Hispanic male). Pooled male and female human intestinal microsomes (HIM)

Fig. 1. Conversion of PF-06409577 to M1 by UGT1A1.
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and human kidney microsomes (HKM) were purchased from XenoTech (Kansas
City, KS).

General UGT Incubation Conditions. The specifics of each incubation
condition are described in the individual sections but, in general, incubations were
conducted using the conditions described herein. Microsomes (HLM, HIM,
HKM, or hrUGTs) were mixed with 100 mM Tris-HCl buffer (pH 7.5 at 37�C)
containing 5 mMmagnesium chloride, substrates, and 2% BSA unless otherwise
noted. Incubation mixtures were preincubated with 10 mg/ml alamethicin on ice
for 15minutes to enable pore formation (Walsky et al., 2012). Following 5-minute
preincubation at 37�C, the reactions were initiated with addition of 5 mM
UDPGA. At predetermined time points, the incubations were terminated with
acetonitrile containing internal standard [(IS), 0.6 mM diclofenac for
PF-06409577; 1 mM diclofenac for ES]. Solutions were centrifuged (1900g),
and the supernatants were analyzed by liquid chromatography–tandem mass
spectrometry (LC-MS/MS) and quantified against a standard curve (M1 for
PF-06409577; ES-3-G for ES).

Reaction Phenotyping with hrUGT Isoforms in the Absence of BSA. In
a preliminary UGT reaction phenotyping study, PF-06409577 (5 mM) was
incubated in duplicate with 13 hrUGTs (1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9,
1A10, 2B4, 2B7, 2B10, 2B15, and 2B17) and UGT vector control at 0.5 mg/ml
protein concentration. Periodically, aliquots of the incubation mixture were
quenched with acetonitrile containing IS. Samples were analyzed by LC-MS/MS
for disappearance of PF-06409577 by area ratio. To further confirm selectivity,
PF-06409577 (2.40, 24.0, and 240 mM) was incubated in duplicate with the same
13 hrUGTs and vector control (0.25 mg/ml protein concentration). At 60 minutes,
an aliquot of the incubation mixture was quenched with IS. The samples were
quantified by LC-MS/MS against a M1 standard curve. Similar to PF-06409577,
UGT reaction phenotyping of ES (3.34, 33.4, and 334 mM) was incubated in
triplicate with 13 hrUGTs and UGT vector control (0.025 mg/ml). At 60 minutes,
an aliquot of the incubationmixture was quenched with acetonitrile containing IS.
Samples were quantified by LC-MS/MS against an ES-3-G standard curve.

Enzyme Kinetics of PF-06409577 in HLM and ES in hrUGT1A1 in the
Absence of BSA. Under linear conditions (with respect to protein concentration
and time), theVmax andKM values were determined in triplicate using 12 substrate
concentrations (5–500 mM for PF-06409577; 1–1000 mM for ES) in HLM
(0.25 mg/ml) for PF-06409577 and hrUGT1A1 (0.25 mg/ml) for ES. Following
60-minute incubation, aliquots of the incubation were quenched with acetonitrile
containing IS. The supernatants were analzyed by LC-MS/MS for metabolite
formation (M1 or ES-3-G) with appropriate standard curves. Data were used to
select concentrations in the hrUGT phenotyping screen.

Enzyme Kinetics of PF-06409577 and ES in HLM, HIM, HKM, and
hrUGT1A1 in the Presence of BSA. The linearity of M1 and ES-3-G formation
with respect to time and protein concentration were conducted with UDPGA-
supplemented HLM, HIM, HKM, and hrUGT1A1 in the presence of 2% BSA.
Under linear conditions, the Vmax and KM values were determined in replicates of
two or three using 12 substrate concentrations (1–1000 mM for PF-06409577;
1–1000 mM for ES) in HLM, HIM, HKM, or hrUGT1A1 (0.25 mg/ml for
PF-06409577; 0.025 mg/ml for ES). Following 30-minute incubation, aliquots
were quenchedwith acetonitrile containing IS. The supernatants were analzyed by
LC-MS/MS for metabolite formation (M1 or ES-3-G) with appropriate standard
curves.

Chemical Inhibition Study in HLM in the Presence of BSA. UGT
isoform–selective chemical inhibitor experiments were performed in triplicate.
PF-06409577 was incubated at a concentration approximating 1/200th of the
apparent KM value (1 mM), with pooled UGT1A1*1/*1 wild-type, heterozygote

*1/*28, and homozygote *28/*28 HLM (0.025 mg/ml) in the presence of 2%
BSA, UGT1A1 inhibitor atazanavir (10 mM), UGT1A9 inhibitor digoxin
(10 mM), or solvent (DMSO) control. Inhibitor concentrations were selected
based on previous studies in our laboratories utilizing isoform-selective probe
substrates (Lapham et al., 2012;Walsky et al., 2012). At 30minutes, aliquots were
removed and quenched with acetonitrile containing IS. The samples were
quantified by LC-MS/MS against a M1 standard curve. The percentage of
inhibition of M1 formation was calculated relative to the control activity for each
genotype (*1/*1, *1/*28, and *28/*28).

Inhibition of UGT Isoforms by PF-06409577 and ES in the Absence of
BSA. The potential for PF-06409577 (1–100 mM) to inhibit UGT 1A1, 1A4,
1A6, 1A9, and 2B7 enzyme activities was investigated in HLM (0.025 mg/ml)
using our previously described methodology (Walsky et al., 2012). The UGT
isoform–specific probe substrates are described in Table 1. During the de-
velopment of an in-house cocktail UGT IC50 assay, we discovered that ES
inhibited UGT2B7-catalyzed glucuronidation of AZT. To fully characterize the
inhibitory effects against UGT2B7, ES (1–100 mM) was incubated in HLM
(0.025 mg/ml) in the absence of 2% BSA using our previously described
methodology (Walsky et al., 2012).

Determination of Unbound Fraction in Incubations. Binding of
PF-06409577 and ES under the in vitro incubation conditions was determined
by equilibrium dialysis methods previously described (Di et al., 2012). The
resulting unbound fraction in incubation values were used to correct for unbound
intrinsic clearance (CLint,u).

Calculations of Enzyme Kinetic Parameters. Substrate concentration [S]
and metabolite formation velocity (v) data were fitted to appropriate enzyme
kinetic models using Sigmaplot least-squares regression analysis (Sigmaplot
version 13; Systat Software, Inc., San Jose, CA). Best fit was determined by R2

goodness of fit, Eadie-Hofstee fit, and visual inspection. The enzyme kinetic
parameters were modeled using eqs. 1–3:

v ¼ Vmax � ½S�
KM þ ½S� ð1Þ

v ¼ Vmax � ½S�
KM þ ½S� � f1þ ð½S�=KiÞg ð2Þ

v ¼ Vmax � Sh

Sh50 þ Sh
ð3Þ

The intrinsic clearance (CLint) was calculated using eqs. 4 and 5 and CLint,u was
derived using eq. 6. The RAF values were calculated using eq. 7.

CLint ¼ Vmax

KM
ð4Þ

CLint ¼ Vmax

S50
� ðh2 1Þ
h� ðh2 1Þ1=h

ð5Þ

CLint;u ¼ CLint

fu;inc
ð6Þ

RAF ¼ CLint;uðHLM;HIM;HKMÞ
CLint;u;hrUGT1A1

ð7Þ

where fu,inc denotes the unbound fraction in incubation.
Calculation of IC50 Values. The percentage of activity remaining was

obtained by normalizing the concentration data to the solvent control.
When $50% inhibition was observed at or below the highest inhibitor

TABLE 1

UGT isoform-specific probe substrates used to assess inhibitory properties of PF-06409577

Assay UGT1A1 UGT1A4 UGT1A6 UGT1A9 UGT2B7

Substrate ES trifluoperazine 5HTOL propofol zidovudine
Substrate concentration (mM) 10 40 150 5 300
Incubation time (minutes) 60 30 20 30 60
Analyte ES-3-G TFP-G 5HTOL-G PRO-G AZT-G
IS 1-naphthyl-O-glucuronide [D3]-TFP-G diclofenac diclofenac [13C6]-AZT-G

AZT-G, zidovudine-59-glucuronide; 5HTOL, 5-hydroxytryptophol; 5HTOL-G, 5-hydroxytryptophol-glucuronide; PRO-G, propofol-O-
glucuronide; TFP-G, trifluoperazine-N-glucuronide.
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concentration (100 mM), the IC50 values were generated using GraphPad Prism 5
for Windows (version 5.01; GraphPad Software, La Jolla, CA). Nonlinear
regression fitting of the data was done using the log [inhibitor] versus normalized
response model using the following four-parameter sigmoidal-logistic IC50

equation:

Y ¼ 100=ð1þ 10½ðlogIC502xÞ�Hill  slope�Þ ð8Þ

This model forces the curve to run from 100% down to 0%. The Hill slope was
assumed constant at 21.0.

LC-MS/MS Analysis. Concentrations of analytes were determined using
LC-MS/MS on a Sciex 4000Qtrap or 5500 LC-MS/MS triple quadrupole mass
spectrometer (Sciex, Framingham, MA) equipped with a Waters Acquity UPLC
(Waters, Milford, MA). The Waters Acquity autosampler was programmed to
inject 10 ml of sample onto a MacMod Halo 2.6 mm C18 30 � 2.1 mm column
(MacModAnalytical, Chadds Ford, PA) or a Phenomenex C18 2.6 mmC18 30�
3.0 mm column (Phenomenex, Torrance, CA) using a mobile phase consisting of
high-performance liquid chromatography–grade water containing 0.1% (v/v)
formic acid (mobile phase A) and acetonitrile containing 0.1% formic acid
(mobile phase B) at a flow rate of 0.4–0.8 ml/min. The following general gradient
programwas used: initial condition 5%mobile phase B for 0.8 minutes, ramped to
95% mobile phase B over 1 minute, held for 0.5 minutes, and returned to initial
conditions for column equilibration. PF-06409577 and M1 were detected using
negative electrospray ionization in the multiple reactions monitoring mode,
monitoring formass-to-charge ratio transitions 340.0→ 268.0 and 516.0→ 193.1,
respectively. ES-3-G was detected with negative electrospray ionization at mass-
to-charge ratio transition 447.2 → 113.2. Diclofenac was monitored using
negative electrospray ionization at mass-to-charge ratio transition 294 → 250.
Unless specified, analytes were quantified versus a standard curve using Analyst
software (version 1.5.2; Sciex, Framingham, MA). Data were fit by least-squares
regression of their areas to a weighted linear equation, from which the unknown
concentrations were calculated.

Results

UGT Reaction Phenotyping with hrUGTs. Preliminary UGT
reaction phenotyping studies examining the metabolic decline of
PF-06409577 (5 mM) in 13 hrUGT isoforms (UGT1A1, 1A3, 1A4,
1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B10, 2B15, and 2B17) revealed
that PF-06409577 was metabolically unstable (half-life = 55 minutes) in
hrUGT1A1 in a UDPGA-dependent fashion (Fig. 2). In contrast, no
metabolic decline of PF-06409577 was noted with the remainder of the
12 hrUGT isoforms (half-life. 360 minutes). To support early reaction
phenotyping (and selectivity assessments), kinetic parameters were
generated for PF-06409577 in HLM and ES in hrUGT1A1 in the
absence of BSA. The KM value for the glucuronidation of PF-06409577
to M1 was 23.96 3.0 mM in HLM. The corresponding hrUGT1A1 KM

value for ES was 33.4 6 5.6 mM, which is comparable with the values

reported previously for ES in hrUGT1A1 and HLM (Walsky et al.,
2012). To compare the relative selectivity of PF-06409577 and ES as
UGT1A1 substrates, metabolite formation rates were measured in
13 hrUGTs for PF-06409577 and ES at concentrations approximating
the 0.1-, 1.0-, and 10-fold HLM KM values for PF-06409577 or the
hrUGT1A1 KM value for ES, and the formation of M1 and ES-3-G was
monitored. As seen in Fig. 3, the formation of M1 was mediated in
a relatively selective fashion by UGT1A1 across the PF-06409577
concentration range studied. In the case of ES, the formation of ES-3-G
was mediated by UGT1A1 and UGT1A3 as well as by UGT1A8 and
UGT1A10, which are selectively expressed in the small intestine. These
data are qualitative in nature, since the RAF values are not available for
all of the UGT isoforms. Therefore, the relative contribution of each
UGT to ES-3-G formation in the intestine is currently not known.
PF-06409577 and ES Enzyme Kinetics in hrUGT1A1 and

Human Tissue Microsomes and Determination of RAF Values.
Considering that human UGT1A1 is expressed in liver, intestine, and
kidney (Harbourt et al., 2012), the enzyme kinetic parameters for
glucuronidation of PF-06409577 (to M1) and ES (to ES-3-G) were
assessed in hrUGT1A1 and microsomes from human liver, intestine,
and kidney in the presence of 2% BSA. BSA was included because of
its propensity to sequester long-chain unsaturated fatty acids that are
released from membranes during the course of an incubation
(Engtrakul et al., 2005; Walsky et al., 2012). Long-chain unsaturated
fatty acids are potent inhibitors of UGT1A9, UGT2B7, and micro-
somal glucuronidation activity, resulting in overestimation of KM

values (Tsoutsikos et al., 2004; Rowland et al., 2007, 2008). The
enzyme kinetic parameters of M1 formation from PF-06409577
glucuronidation in HLM, HIM, HKM, and hrUGT1A1 are shown in
Fig. 4, A–D, respectively. The KM, Vmax, and CLint,u values ranged
from 116 to 212 mM, 1077 to 3834 pmol/min per milligram protein,
and 9.35 to 154 ml/min per milligram protein, respectively, in human
tissue microsomes and hrUGT1A1 (Table 2). The corresponding
enzyme kinetic data (KM, Vmax, and CLint,u) for ES glucuronidation to
ES-3-G ranged from 19 to 147mM, 31 to 7095 pmol/min per milligram
protein, and 41 to 5760 ml/min per milligram protein, respectively, in
human tissue microsomes and hrUGT1A1 (Table 3).
The RAF approach has been used for scaling enzymatic activities

(e.g., CLint) using hrUGT enzymes to HLM or HIM (Rouguieg et al.,
2010; Zhu et al., 2012; Gibson et al., 2013). RAFs are defined as the
human tissue microsomes/human UGT activity ratio of a particular
isoform toward an isoform-selective probe substrate in experiments
performed under identical conditions. The corresponding RAF values
for PF-06409577 (and ES) in HLM, HIM, and HKM were 0.47 (0.7),
0.12 (30), and 0.061 (0.22), respectively (Tables 2 and 3). The UGT1A1

Fig. 2. Metabolic stability of PF-06409577 (5 mM) in
13 hrUGT isoforms (0.5 mg/ml protein concentration) in the
presence of UDPGA (5 mM).
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liver/kidney and liver/intestine abundance ratios were compared with
the HLM/HKM and HLM/HIM RAF ratios for PF-06409577 and ES
(Fig. 5). UGT1A1 enzyme abundance values were obtained from the
simcyp software (Certara, Princeton, NJ): 48, 8.5, and 6.1 pmol/mg
protein for liver, intestine, and kidney, respectively. The RAF and UGT1A1

abundance ratios for PF-06409577were comparable in the target tissues, i.e.,
RAFHLM/HIM3.9 versusUGT1A1 abundance liver/intestine 5.7 andRAF
HLM/HKM 7.7 versus UGT1A1 abundance liver/kidney 7.9. Although the
RAF value of 3.2 for ES in HLM/HKMwas comparable with the UGT1A1
liver/kidney abundance (7.9), an approximately 250-fold difference was

Fig. 3. Selectivity of PF-06409577 (2.4, 24, and
240 mM) and ES (3.34, 33.4, and 334 mM) as
UGT1A1 substrates following incubation with
13 hrUGT isoforms. The formation of M1 and
ES-3-G was monitored in these experiments.

1840 Lapham et al.

 at A
SPE

T
 Journals on M

arch 20, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


noted between the ES RAF value in HLM/HIM (0.023) and the UGT1A1
liver/intestine tissue abundance (5.7).
UGT1A1 Chemical Inhibition Studies in Genotyped HLM.

Additional UGT1A1 inhibition studies for PF-06409577 with
UGT1A1*28 genotyped HLM indicated approximately ;25% and
74% reductions in the CLint with heterozygous UGT1A1*1/*28 (12.5
ml/min per milligram) and homozygous UGT1A1*28/*28 (4.3 ml/min
per milligram), respectively, compared with wild-type UGT1A1*1/*1
HLM (16.6ml/min per milligram) (Fig. 6) at 1mM,which approximated
;1/200th of the KM value for PF-06409577 in HLM. The potent
UGT1A1 chemical inhibitor atazanavir (Zhang et al., 2005) at 10 mM
inhibited M1 formation by ;98%, 95%, and 90% in UGT1A1*1/*1,

UGT1A1*1/*28, and UGT1A1*28/*28 genotyped HLM (Fig. 7). In
contrast, the formation ofM1was only inhibited by 15%, 12%, and 13%
in wild-type UGT1A1*1/*1, UGT1A1*1/*28, and UGT1A1*28/*28
HLM in the presence of digoxin (10 mM), which is a potent UGT1A9
(but weak UGT1A1) inhibitor (Lapham et al., 2012).
UGT Inhibition by PF-06409577 and ES in HLM. To compare the

utility of PF-06409577 versus ES as UGT1A1 probe substrates in
a cocktail UGT inhibition assay in HLM, the potential of PF-06409577
as an inhibitor of the major human UGT isoforms (1A1, 1A4, 1A6, 1A9,
and 2B7) was investigated in HLM using our previously described
protocol (Walsky et al., 2012). PF-06409577 displayed weak inhibition
of the major hepatic UGT isozymes with the most potent inhibitory

Fig. 4. Enzyme kinetics for the glucuronidation of PF-06409577 to M1 in UDPGA-supplemented HLM (A), HIM (B), HKM (C), and hrUGT1A1 (D). Symbols depict mean
values and error bars depict S.D.

TABLE 2

Enzyme kinetic parameters and RAF values of PF-06409577 glucuronidation based on M1 formation in the presence of
2% BSA

The unbound fraction in incubation (PF-06409577) = 0.098. The Vmax and KM values in HLM, HIM, and hrUGT1A1 were calculated
from eq. 3. The Vmax and KM values in HKM were calculated from eq. 1.

Parameter HLM HIM HKM hrUGT1A1

Vmax (pmol/min per milligram) 2589 6 93 718.9 6 19 106.7 6 1.8 3834 6 77
KM (mM) 184.4 6 16 212.3 6 13 116.4 6 6.3 130.7 6 7.5
h 1.76 6 0.15 1.62 6 0.081 N.A. 2.63 6 0.27
CLint (ml/min per milligram) 7.09 1.74 0.917 15.1
CLint,u (ml/min per milligram) 72.3 17.8 9.35 154
RAF 0.47 0.12 0.061 N.A.

h, Hill coefficient; N.A., not applicable.
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effects on the UGT1A1-catalyzed glucuronidation of ES to ES-3-G
(IC50 = 24mM) and the UGT1A9-catalyzed glucuronidation of propofol
to propofol-O-glucuronide (IC50 = 41.3 mM) (Table 4). Under these
experimental conditions, ES was evaluated as an inhibitor of the
UGT2B7-catalyzed glucuronidation of AZT to zidovudine-59-glucuronide
in HLM. In addition to the known inhibitory effects against UGT1A1
(Nakajima et al., 2002; Watanabe et al., 2002, 2003; Mano et al., 2004,
2006; Katoh et al., 2007; Luo et al., 2012; Uchihashi et al., 2011; Seo
et al., 2014) andUGT1A9 (Mano et al., 2004; Seo et al., 2014), we noted
potent inhibition of UGT2B7 enzyme activity by ES with an IC50 value
of 4.37 mM.

Discussion

Overlapping substrate specificity is a characteristic trait of human
UGTs with small molecule xenobiotics often subject to glucuronidation
by multiple UGT isoforms in native tissue (e.g., liver and intestine)
(Tukey and Strassburg, 2000). In contrast to this norm, several in vitro
assays demonstrated that PF-06409577 was glucuronidated byUGT1A1
in a selective fashion. Genetic variability of UGT1A1 in relation to its
role in bilirubin metabolism has been extensively studied (Bosma et al.,
1994; Strassburg et al., 2008; Marques and Ikediobi, 2010). The most
common UGT1A1 polymorphism resulting from insertion of a thymine-
adenine dinucleotide in the TATA-box of theUGT1A1 promoter (referred

to as UGT1A1*28) is associated with Gilbert’s syndrome, a mild form
of inherited unconjugated hyperbilirubinemia arising from impairment
in bilirubin glucuronidation (Bosma et al., 1994, 1995). Altered
pharmacokinetic profiles of drugs metabolized by UGT1A1 in the
homo- or heterozygous UGT1A1*28 polymorphic population can also
result in dose-limiting toxicities such as the severe diarrhea and
neutropenia noted with irinotecan (https://www.accessdata.fda.gov/
drugsatfda_docs/label/2014/020571s048lbl.pdf). While the precise
mechanism for irinotecan toxicity remains unclear, it is widely accepted
that decreased UGT1A1 activity leads to elevated systemic levels of
SN-38 (the hydrolytic cleavage product and active form of irinotecan),
which is metabolically eliminated via glucuronidation by UGT1A1 (Iyer
et al., 1998, 2002; Nagar and Blanchard, 2006). The hypothesis is
consistent with the 50%–80% decrease in SN-38 glucuronidation in
HLM UGT1A1*28 (Iyer et al., 1999; Gagné et al., 2002; Zhang et al.,
2007). The observed correlation between genotype and clinical toxicity
has led to the recommendation that patients are genotyped for the
UGT1A1*28 polymorphism and dose adjustments are made before
treatment with irinotecan (https://www.accessdata.fda.gov/drugsatfda_docs/
label/2014/020571s048lbl.pdf). A second example of a marketed drug that
requires dose adjustment in a UGT1A1*28 population is the
hydroxamic acid derivative belinostat, which is cleared via glucuroni-
dation by UGT1A1 (Wang et al., 2013). Significant increases in
belinostat exposure and increased thrombocytopenia incidences in

TABLE 3

Enzyme kinetic parameters and RAF values of ES glucuronidation based on ES-3-G formation in the presence of
2% BSA

The unbound fraction in incubation (ES) = 0.04. The Vmax and KM values in HLM and hrUGT1A1 were calculated from eq. 3. The Vmax

and KM values in HIM and HKM were calculated from eq. 2.

Parameter HLM HIM HKM hrUGT1A1

Vmax (pmol/min per milligram) 1522 6 93 7095 6 130 30.6 6 2.6 2082 6 45
KM (mM) 147 6 22 31.0 6 1.4 18.7 6 5.0 137 6 8
h 1.61 6 0.26 N.A. N.A. 1.84 6 0.13
CLint (ml/min per milligram) 5.3 229 1.6 7.7
CLint,u (ml/min per milligram) 134 5720 41 192
RAF 0.7 30 0.22 N.A.

h, Hill coefficient; N.A., not applicable.

Fig. 5. Comparison of UGT1A1 tissue abundance ratios for
HLM/HKM (red bar) and HLM/HIM (blue bar) to RAF ratios
generated using PF-06409577 or ES as the probe substrate.
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cancer patients harboring theUGT1A1*28 allele (Goey et al., 2016; Peer
et al., 2016) are consistent with;50% lower belinostat glucuronidation
in UGT1A1*28 HLM.
The UGT1A1 substrate specificity of PF-06409577 has great

significance from a clinical standpoint since first-in-human pharmaco-
kinetics studies on PF-06409577 revealed that the parent compound and
M1were the only entities in circulation with a M1/PF-06409577 ratio of
;0.7–1.2 across a 3–30 mg dose range (Pfizer clinical data on file). The
clinical development plan for PF-06409577 will require additional
scrutiny with respect to potential alterations in pharmacokinetics,
pharmacodynamics, and toxicological profile in patients harboring the
UGT1A1*28 allele and in pharmacokinetic interaction studies with
UGT1A1 inhibitors.
Our work also raises the possibility of utilizing PF-06409577 as

a more selective UGT1A1 probe substrate in preclinical discovery. The
kinetic parameters for glucuronidation of PF-06409577 and prototypic
substrate ES were comparable in hrUGT1A1 incubations. However,
assessment of UGT specificity with 13 hrUGTs revealed that
PF-06409577 was considerably more selective as a UGT1A1 substrate
in comparison with ES across a concentration range bracketing their
respective KM values. Besides UGT1A1, ES was also subject to
glucuronidation by UGT1A3, 1A8, and 1A10. These observations are
consistent with previous reports (Lépine et al., 2004; Itäaho et al., 2008)

in which multiple UGTs (1A3, 1A4, 1A8, 1A10, 2B7, and 2B15)
catalyze the glucuronidation of ES, in addition to UGT1A1. The overlap
in UGT substrate specificity for ES will compromise interpretation of
in vitro data, particularly in human intestinal and kidney microsomal
tissues, which express UGT1A isoforms (Cheng et al., 1999). Con-
tributions of individual UGTs to a glucuronidation reaction in tissue
microsomes can be estimated via the RAF method, originally developed
to reflect differences between recombinant cytochrome P450 enzymes
and HLM (Crespi and Miller, 1999), and recently extended to include
UGTs (Rouguieg et al., 2010). Given the greater selectivity of
PF-06409577 as a UGT1A1 substrate (relative to ES) in hrUGT assays,
we decided to compare the corresponding RAF values with
PF-06409577 and ES for liver, intestine, and kidney based on CLint,u
values obtained in hrUGT1A1, HLM, HIM, and HKM. The RAF values
in HLM and HKM for PF-06409577 and ES were less than unity,
suggesting that hrUGT1A1 has much higher activity than native hepatic
or kidneyUGT1A1. The less than unity RAF value for UGT1A1 activity
in HLM has been noted previously for various UGT1A1 substrates such
as ES, SN-38, and etoposide (Rouguieg et al., 2010; Xiao et al., 2018).
The RAF values with PF-06409577 were generally consistent with

UGT1A1 abundance in the small intestine, liver, and kidney. Further-
more, the RAF values for HLM and HKMwere comparable between ES
and PF-06409577 (63-fold), which is expected since both compounds

Fig. 6. Determination of the CLint value for glucuronidation of
PF-06409577 (1 mM) in pooled UGT1A1*1/*1 wild-type,
heterozygote *1/*28, and homozygote *28/*28 HLM.

Fig. 7. Impact of selective UGT1A1 (atazanavir) and UGT1A9
(digoxin) inhibitors on the glucuronidation of PF-06409577
(1 mM) to M1 in pooled UGT1A1*1/*1 wild-type, heterozygote
*1/*28, and homozygote *28/*28 HLM. Percentage of in-
hibition of M1 was normalized to the control activity for each
genotype (*1/*1, *1/28, and *28/*28).
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are selectively metabolized by UGT1A1 in the liver and kidney. In
contrast, the RAF values for HIM varied depending on the substrate
used; the ES HIM RAF was 30, whereas the PF-06409577 RAF was
0.12. This 250-fold discrepancy, which is also reflected in the UGT1A1
intestinal abundance data (ES RAF HLM/HIM 0.023 vs. UGT1A1
abundance liver/intestine 5.7), suggests that intestinal UGT1A8 and
UGT1A10 contribute toward ES glucuronidation, while PF-06409577 is
relatively latent toward glucuronidation by these UGTs. Consequently,
ES glucuronidation activity in HIM is the culmination of all three UGT
isoforms (UGT1A1, 1A8, and 1A10), and therefore an overestimation of
UGT1A1 activity. These data also suggest that relative to UGT1A1,
UGT1A8 and 1A10 are the major UGT isoforms responsible for ES-3-G
formation in the gut, considering the similar abundance of these UGTs in
the intestine (SIMCYP database). Conversely, PF-06409577, which is
not a substrate for UGT1A8 and 1A10, resulted in a lower RAF value in
HIM. Based on our findings, we recommend using PF-06409577 to
determine RAF values for scaling hrUGT1A1 activity to intestinal
glucuronidation since the ES RAF value would likely result in an
overprediction due to contributions of other UGT isoforms.
An additional advantage lies in the utility of PF-06409577 as a specific

UGT1A1 substrate in UGT inhibition studies. Assessment of the
inhibitory potential of new chemical entities against major human
UGT isoforms from the UGT1A and UGT2B families in HLM often
relies on a cocktail assay in the presence of multiple probe UGT
substrates, which have been shown as specific for individual UGT
isoforms in a single incubation (Joo et al., 2014; Seo et al., 2014;
Gradinaru et al., 2015; Lee at al., 2015). Several compounds, including
bilirubin, ES, SN-38 (Lee et al., 2015), and etoposide have been used as
in vitro probe substrates for UGT1A1. Because of the challenges
associated with separation and simultaneous determination of the
multiple glucuronide isomers formed with bilirubin (Zhang et al.,
2005) and etoposide (Watanabe et al., 2003; Wen et al., 2007;
Gradinaru et al., 2015), ES is routinely used to characterize UGT1A1
inhibition with the understanding that other UGTs will contribute to its
metabolism. Besides UGT1A1, there are several reports on SN-38
glucuronidation by members of the UGT1A family (Iyer et al., 1998;
Hanioka et al., 2001; Gagné et al., 2002; Tallman et al., 2005; Zhang
et al., 2007). Recently, Xiao et al. (2018) have provided convincing
evidence suggesting that UGT1A9 and UGT1A1 contribute equally to
SN-38 glucuronidation in HLM. Consistent with this in vitro observa-
tion, clinical studies also demonstrated that UGT1A9 polymorphism
acted as an additional biomarker of irinotecan toxicities (Girard et al.,
2006; Sandanaraj et al., 2008). Furthermore, in cocktail HLM incuba-
tions, it is noteworthy to point out that the activities of individual UGT
isoforms can be inhibited by the UGT substrate cocktail. For example,

ES is a UGT1A1 substrate as well as a potent inhibitor of UGT1A1
activity. The inhibition data generated in our present study also
demonstrated potent inhibition of UGT2B7 activity by ES in HLM
with an IC50 value of 4.37 mM. In contrast to these findings,
PF-06409577 demonstrated little-to-no inhibition of UGT1A4, 1A6,
and 2B7 isoforms, with the most potent inhibitory effects being against
UGT1A1 (IC50 = 24mM) andUGT1A9 (IC50 = 41.3mM). Based on this
observation, we have replaced ES with PF-06409577 as a probe
UGT1A1 substrate in our HLM cocktail UGT inhibition assay to
examine UGT1A1, 1A9, and 2B7 inhibitory potential of new chemical
entities in preclinical discovery. The IC50 values for literature UGT1A1
inhibitors are comparable when using either PF-06409577 or ES as
probe substrates (unpublished data).
Finally, in the absence of human UGT crystal structures, information

regarding molecular determinants that govern substrate specificity
toward individual UGT isoforms remains elusive. The chemical space
encompassing selective UGT1A1 substrate matter is structurally diverse
with significant differences in physiochemical properties [e.g.,
PF-06409577 (molecular weight = 341; clogP = 4.42), SN-38 (molec-
ular weight = 392; clogP = 1.67), belinostat (molecular weight = 318;
clogP = 1.17), etoposide (molecular weight = 588; clogP = 20.1), and
bilirubin (molecular weight = 584; clogP = 3.21)]. Pharmacophore
modeling and quantitative structure-activity relationship studies suggest
that specificity toward glucuronidation by UGT1A1 is governed by two
hydrophobic domains ;4 and 7 Å, respectively, from the site of
glucuronidation (Sorich et al., 2002). Studies are currently underway to
test and further refine this hypothesis using the literature UGT1A1-
selective substrates discussed in this paper as well as chemical lead
matter from the indole-3-carboxylic acid series of AMPK activators,
with the hope of identifying backup candidates with reduced UGT1A1
substrate specificity.
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