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ABSTRACT

GSK3640254 is a next-generation maturation inhibitor in develop-
ment for HIV-1 treatment, with pharmacokinetics (PK) supporting
once-daily oral dosing in human. This open-label, nonrandomized,
two-period clinical mass balance and excretion study was used
to investigate the excretion balance, PK, and metabolism of
GSK3640254. Five healthy men received a single intravenous mi-
crotracer of 100 lg [14C]GSK3640254 with a concomitant oral non-
radiolabeled 200-mg tablet followed by an oral 85-mg dose of
[14C]GSK3640254 14 days later. Complementary methods, includ-
ing intravenous microtracing and accelerator mass spectrometry,
allowed characterization of several parameters, including fraction
absorbed, fraction escaping gut metabolism, hepatic extraction ra-
tio, and renal clearance. Intravenous PK of GSK3640254 was char-
acterized by low plasma clearance (1.04 l/h), moderate terminal
phase half-life (21.7 hours), and low volume of distribution at
steady state (28.7 L). Orally dosed GSK3640254 was absorbed
(fraction absorbed, 0.26), with a high fraction escaping gut metabo-
lism (0.898) and a low hepatic extraction ratio (0.00544), all consis-
tent with low in vitro intrinsic clearance in liver microsomes and
hepatocytes. No major metabolites in human plasma required
further qualification in animal studies. Both unchanged parent

GSK3640254 and its oxidative and conjugative metabolites were
excreted into bile, with GSK3640254 likely subject to further metab-
olism through enterohepatic recirculation. Renal elimination of
GSK3640254 as the parent drug or its metabolites was negligible,
with >94% of total recovery of oral dose and >99% of the recovered
radioactivity in feces. Altogether, the data suggest that systemi-
cally available GSK3640254 was slowly eliminated almost entirely
by hepatobiliary secretion, primarily as conjugative and oxidative
metabolites.

SIGNIFICANCE STATEMENT

The combination of an intravenous 14C microtracer with duodenal
bile sampling using EnteroTracker in a human absorption, distribu-
tion, metabolism, and excretion study enabled derivation of ab-
sorption and first-pass parameters, including fraction absorbed,
proportion escaping first-pass extraction through the gut wall and
liver, hepatic extraction, and other conventional clinical pharmaco-
kinetic parameters. This approach identified hepatic metabolism
and biliary excretion as a major elimination pathway for absorbed
drug, which would be overlooked based solely on analyses of
plasma, urine, and fecal matrices.

Introduction

GSK3640254((R)-1-fluoromethyl-4-(17-((2-(1,1-dioxidothiomorpho-
lino)ethyl)amino) -28-norlupa-2,20(29)-dienyl)-cyclohex-3-ene-1-car-
boxylic acid methanesulfonate) is a next-generation HIV-1 maturation

inhibitor exhibiting pangenotypic coverage of HIV-1 subtypes and
polymorphic variants (Dicker et al., 2022) and is currently in phase
IIb clinical development for HIV-1 treatment. Maturation is one of the
last steps of the HIV-1 cycle wherein the mature structural Gag pro-
teins are generated by viral protease-mediated cleavage (Wang et al.,
2015). Maturation inhibitors specifically interfere with the protease-
mediated processing of Gag, resulting in the release of HIV-1 particles
that are immature and noninfectious.
Human absorption, distribution, metabolism, and excretion (referred

to as ADME) studies quantitatively and comprehensively evaluate a
drug’s overall disposition and are required for new drug approval
(Coppola et al., 2019). Data obtained from human ADME studies provide
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valuable information for confirming whether the toxicology species are
relevant for assessing a drug’s safety and for developing a cohesive clini-
cal pharmacology strategy, including investigation of potential drug-drug
interactions and special patient populations (e.g., patients with hepatic or
renal impairment).
Intravenous (i.v.) pharmacokinetics (PK) are important for the cal-

culation of primary PK parameters, such as bioavailability, clearance,
and volume of distribution, which are necessary for a complete under-
standing of a drug’s absorption, distribution, and elimination (Denton
et al., 2013; Harrell et al., 2019). In conventional intravenous PK stud-
ies, healthy participants typically receive separate single therapeuti-
cally relevant intravenous and extravascular doses in a two-way
crossover design; however, the therapeutic intravenous dose would re-
quire an intravenous toxicology package to support its use in clinical
studies. To bridge the “translational gap” between preclinical research
and clinical development, exploratory clinical studies are nowadays
encouraged to include microdosing to evaluate subtherapeutic expo-
sures of drug candidates in first-in-human studies. Regulatory guid-
ance approves ultralow dose (#100 lg) i.v. administration in humans,
which allows for a substantially reduced toxicology package (https://
database.ich.org/sites/default/files/M3_R2__Guideline.pdf). In the mi-
crodosing approach, a 14C-isotope may be incorporated into a drug,
which allows for the measurement of systemic exposure using technol-
ogies such as accelerator mass spectrometry (AMS) (Harrell et al.,
2019). Using a so-called intravenous “microtracer” design, microdos-
ing studies may include concomitant administration of the 14C-labeled
microdose with a therapeutically relevant, extravascular dose to define
intravenous PK (Lappin, 2016). Herein, we use an approach that intra-
venously administers a 14C-microtracer dose of GSK3640254 concom-
itantly with the therapeutically relevant oral tablet dose of
GSK3640254 (2 × 100-mg tablets) that is under clinical development.
Biliary disposition is an integral part of the human ADME profile.

Metabolites can be abundantly formed in the liver but may not circulate
in plasma (Loi et al., 2013). In addition, fecal metabolites do not neces-
sarily represent hepatic metabolism due to degradation and/or metabo-
lism by gut microflora (Wilson and Nicholson, 2017). Similar to
applications of Entero-test devices, which are no longer commercially
available, the EnteroTracker device (EnteroTrack LLC, Aurora, CO)
can be used to noninvasively collect duodenal bile samples and investi-
gate human biliary disposition in humans (Guiney et al., 2011). To
evaluate biliary secretion of a parent drug and its metabolites, duodenal
bile sampling is preferred to stool sampling for many reasons, including
providing an improved bile-specific metabolic profile without the poten-
tial contribution of gut microflora to metabolism (Bloomer et al., 2013;
Harrell et al., 2019). Herein, we report the first-time application of Entero
Tracker devices in a human ADME study in which duodenal bile samples
were noninvasively collected, enabling characterization of biliary disposi-
tion of GSK3640254 and its metabolites and evaluation of the potential of
enterohepatic recirculation.

Human ADME studies that include an intravenous dose can be used
to estimate the absolute bioavailability (F) and oral fraction absorbed
(Fabs) (Raje et al., 2018; de Vries et al., 2019; Harrell et al., 2019; Podoll
et al., 2019; Johne et al., 2020). In preclinical species, GSK3640254 had
low to moderate oral bioavailability dosed either as a spray dried disper-
sion or mesylate salt suspension (unpublished observations). Despite low
turnover in liver microsomes or hepatocytes, absorbed drug-related mate-
rial was primarily eliminated by metabolism followed by biliary secretion
(�13% of the administered dose) in bile duct–cannulated rats dosed
orally with [14C]GSK3640254 mesylate salt (unpublished observations).
Investigation of both the intravenous and oral PK of GSK3640254
and that of drug-related material in humans enables contributions
of Fabs from the gastrointestinal tract and first-pass hepatic extrac-
tion to systemic exposure to be quantified. The study discussed herein
aimed to fully characterize and understand the human ADME and PK of
[14C]GSK3640254 after both intravenous and oral administration.

Materials and Methods

GSK3640254 mesylate salt, [14C]GSK3640254 mesylate salt, and [2H4
13C2

15N]GSK3640254 were supplied by Chemical Development, GSK Re-
search and Development (Stevenage, UK). GSK3640254 mesylate salt oral tablets
were supplied by GSK (Ware, UK). The solution for intravenous infusion was
manufactured by GSK (Ware, UK) from a stock solution of [14C]GSK3640254
(2.5 mg/ml) dissolved in 3% weight/volume b-cyclodextrin sulfobutylether (Capti-
sol) and diluted to a concentration of 11 lg/ml with 0.9% weight/volume sodium
chloride in sterile saline. All other solvents and reagents were of analytical grade
and were purchased from commercial suppliers.

Study Objectives and Design
This was an open-label, single-center, nonrandomized, two-period, single-se-

quence crossover study evaluating the PK, mass balance, excretion, and metabo-
lism of GSK3640254 in healthy men (ClinicalTrials.gov identifier: NCT04507321).
This study consisted of a screening visit and two onsite treatment periods separated by
a $13-day washout period (Fig. 1). In treatment period 1, participants received a sin-
gle oral tablet 200-mg dose of GSK3640254 with a moderate-fat meal and a 1-hour
i.v. microtracer infusion of 100 lg [14C]GSK3640254 mesylate salt [�3.7 kilobec-
querels (kBq); 100 nanocuries (nCi)] 5 hours after the oral dose to coincide with the
anticipated maximal systemic exposures from the oral tablet administration. In treat-
ment period 2, participants received an oral suspension of 85 mg [14C]GSK3640254
[�3.15 megabecquerels (MBq); 85 microcuries (lCi)] with a moderate-fat meal. Par-
ticipants were fasted overnight for $8 hours before study treatment initiation in both
treatment periods. EnteroTracker capsules were supplied by EnteroTrack, LLC
(Aurora, CO) to collect duodenal bile samples. The chemical structure of
GSK3640254 has been previously published (Dicker et al., 2022). The structure
of [14C]GSK3640254 indicating the position of radiolabel incorporation is
shown in Fig. 2.

The primary objectives were to assess the rate and extent of excretion and to-
tal recovery of radioactivity in urine and feces in treatment periods 1 and 2 to de-
termine systemic concentrations of parent GSK3640254 and total drug-related
radioactivity in treatment periods 1 and 2 and to calculate the absolute oral bio-
availability of GSK3640254 when given with food. Secondary objectives were
to evaluate the safety and tolerability of GSK3640254 after single intravenous or

Screening Treatment 
period 1

Within 
30 days of 
first dose

Washout

≥13 days 
between oral 

doses

Follow up

7-14 days 
after the last 
assessment

GSK3640254 200-mg 
oral tablet

+
[14C]GSK3640254 

100-μg IV microtracer 
infusion

Treatment 
period 1

[14C]GSK3640254 
85-mg oral 
suspension

Sample collection for 
7 days post-dose

Sample collection for 
7 days post-dosea

Fig. 1. Study design. If radioactivity was >1% immediately before discharge, fecal samples were collected at home after day 15.
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oral doses and to determine the blood-to-plasma ratio of [14C]GSK3640254-
related materials. Exploratory objectives were to characterize the metabolic profile
of GSK3640254 in treatment periods 1 and 2 and to assess the PK and relative
bioavailability of GSK3640254 after administration of an 85-mg oral suspension
compared with 200-mg tablets (2 × 100-mg oral tablets).

The oral doses of GSK3640254 used in treatment periods 1 and 2 were within
the projected therapeutic range for HIV-1 treatment (50–200 mg) based on
modeling and simulation of virology and PK data as well as results from the
phase IIa proof-of-concept study of GSK3640254 in HIV-1–positive adults
(Spinner et al., 2022). A 100-lg [14C]GSK3640254 microdose was selected for
i.v. administration in treatment period 1 because GSK3640254 had not been pre-
viously administered via intravenous infusion in humans. The i.v. infusion was
administered concomitantly with a 200-mg oral nonradiolabeled GSK3640254
dose to ensure that the intravenous PK could be defined at therapeutically rele-
vant systemic exposures. For both treatment periods combined, the total esti-
mated radiation exposure was <1 millisieverts (mSv), thereby complying with
the International Commission on Radiologic Protection’s recommendation of a
1-mSv maximum for category IIa projects (0.1–1 mSv; minor risk) (International
Commission on Radiological Protection, 1992).

This study was conducted at Hammersmith Medicines Research (London,
UK) in accordance with the Declaration of Helsinki. The study protocol and con-
duct were approved by the London Brent Research Ethics Committee (London,
UK). All participants provided written informed consent. Safety assessments in-
cluded vital sign measurement, routine laboratory tests, 12-lead electrocardio-
grams, and adverse event monitoring throughout the study.

Study Participants
Eligible participants were healthy men aged from 30 to 50 years with a body

weight of $50 kg, a body mass index between 19 and 31 kg/m2, and a history
of regular bowel movements. Participants had no recent or chronic history of di-
arrhea, no history of drug abuse, no regular alcohol or tobacco use in the previ-
ous 6 months, no clinically relevant disease, and no exposure to significant
radiation in the previous 3 years. Participants with use of over-the-counter or
prescription medications, including analgesics, herbal medications, or grapefruit
or Seville orange juices, within 14 days before study treatment until study

completion were excluded. Full eligibility criteria can be found on Clinical-
Trials.gov (NCT04507321; https://clinicaltrials.gov/ct2/show/NCT04507321).

Sample Collection and Processing
Blood samples were collected in dipotassium ethylenediaminetetraacetic acid

tubes through 8 days after dosing in treatment periods 1 and 2, and plasma was
separated via centrifugation. Urine and fecal samples were collected through 8
days after dosing in treatment periods 1 and 2, which was extended up to 15
days after dosing in participants for whom excretion took longer than anticipated
in treatment period 2. Duodenal bile was collected using a noninvasive bile string
EnteroTracker device (Guiney et al., 2011). Briefly, participants pulled the first
10 to 20 cm of nylon out from the EnteroTracker capsule by the protruding loop
and held the loop outside of the mouth while the capsule was swallowed with up
to 350 ml of water. The string was then securely attached to the participant’s
face with adhesive tape over the loop. In treatment period 1, the bile string was
swallowed 2 hours after the oral dose and 3 hours before the intravenous infusion
started, a duration recommended to allow transit of the string to the duodenum.
Participants fasted from insertion of the bile string until the completion of the in-
travenous infusion, at which point a food cue (small, standard, high-fat meal)
was given to stimulate gallbladder emptying. The EnteroTracker was removed
�1.5 hours after the intravenous infusion stopped (�7.5 hours after the oral
dose) to capture the bile samples. In treatment period 2, the EnteroTracker was
swallowed 2 hours after the oral dose. At 5.5 hours after the oral dose, a food
cue (small, standard, high-fat meal) was given to stimulate gallbladder emptying.
The collection bile string was removed 1.5 hours after the food cue (�7 hours af-
ter the oral dose) to capture the duodenal bile samples expelled from the gall-
bladder. Samples of urine, feces, and bile strings were stored frozen before
shipment for analysis.

Sample Analysis
Mass Balance and Excretion. Total radioactivity excreted in urine and fecal

samples was determined using liquid scintillation counting (LSC) or AMS in
treatment period 1 (intravenous; Pharmaron, Inc., Germantown, MD) and using
LSC in treatment period 2 (oral; Labcorp Drug Development, Harrogate, UK;
summarized in Supplemental Table 1). Accelerator mass spectrometry was used
to analyze samples with radioactivity levels that were too low to be detected

*

*

* *

*
*

Fig. 2. Putative metabolic scheme for notable metabolites of GSK3640254 in human. *Indicates the position of the radiolabel incorporation.
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using LSC. Because LSC and AMS have been individually qualified in the litera-
ture (Garner et al., 2000; Keck et al., 2010), cross-validation between techniques
was not performed for this study. Procedures for urine and fecal sample prepara-
tion and measurement of radioactivity by LSC and AMS have been previously
described, and key methodology is summarized here (Harrell et al., 2019). Effi-
ciency correlation curves for LSC were confirmed using 14C quenched standards.
For AMS, instrument standards and process standards for graphitization were an-
alyzed. Radioactivity in urine samples was measured in triplicate by LSC using a
Packard TriCarb liquid scintillation counter (Canberra Packard, Pangbourne,
Berkshire, UK). Fecal samples were combusted (Sample Oxidizer; PerkinElmer,
Pangbourne, Berkshire, UK), absorbed in Carbo-Sorb (PerkinElmer), and com-
bined with PermaFluor E1 scintillation fluid (PerkinElmer). Oxidation efficiency
was determined by combustion of quality control standards and had to be 95%
to 105% at the beginning and end of each run to be acceptable. Values were not
corrected for combustion efficiency. Lower limits of quantification (LLQs) were
established as two times the mean of background disintegrations, with mean
LLQ values of 0.01 ng GSK3640254 Eq/g in urine and 186 ng Eq/g in fecal
samples.

After undergoing combustion (oxidation) and graphitization (reduction), total
radioactivity levels in urine and fecal samples were determined by AMS using a
Single Stage AMS 250KV system (National Electrostatics Corporation, Middle-
ton, WI) (Young et al., 2008). Mean LLQ values were 8.99 pg GSK3640254
Eq/ml in urine and 84.6 pg Eq/g in fecal samples.

PK Assessments. Plasma samples were analyzed for GSK3640254 concentra-
tions by PPD (Middletown, WI) using a validated analytical method based on pro-
tein precipitation followed by liquid chromatography (LC) with tandem mass
spectrometry (LC-MS/MS) as previously described (summarized in Supplemental
Table 1) (Pene Dumitrescu et al., 2021). The lower limit of quantification was
3 ng/ml using a 50-ll aliquot of plasma, and the higher limit of quantifica-
tion was 1000 ng/ml. Plasma total radioactivity was analyzed by Pharmaron,
Inc. using AMS analysis, with lower limits of quantification of 48.4 pg
GSK3640254 Eq/ml in treatment period 1 and 43.2 pg Eq/ml in treatment
period 2. Plasma [14C]GSK3640254 concentrations were analyzed by Phar-
maron, Inc. using a validated analytical method based on protein precipita-
tion followed by LC 1 AMS analysis. Using a 500-ll aliquot of plasma, the
lower limit of quantification was 60.9 pg/ml, and the higher limit of quanti-
fication was 1830 pg/ml.

The LC-MS/MS and LC 1 AMS analytical methods included quality control
samples containing GSK3640254 and [14C]GSK3640254 at 3 different concen-
trations, which were stored and analyzed all samples against calibration stand-
ards, which were separately prepared. For analyses to be acceptable, #33% of
quality control results and #50% of results from each concentration level could
deviate from the nominal concentration by >15% for LC-MS/MS and >20% for
LC 1 AMS. Applicable analytical runs met all predefined run acceptance
criteria.

Quantification and Characterization of Metabolites. Procedures for the
quantification and characterizations of metabolites have been previously de-
scribed, and key methodology is summarized here (Harrell et al., 2019). The
metabolic profile of plasma extracts from treatment period 2 (oral), homogenized
fecal extracts from treatment period 1 (intravenous), and bile string extracts from
both treatment periods were characterized by Pharmaron, Inc. using LC 1 AMS
(summarized in Supplemental Table 1). Plasma samples from individual partici-
pants in treatment period 2 were pooled using an area-under-the-curve (AUC)
approach (Hamilton et al., 1981; Hop et al., 1998) from time 0 to 24 and 0 to 96
hours and then further pooled across participants by combining volumes in pro-
portion to the time interval between individual samples to prepare a single
plasma pool. The 0- to 24-hour AUC pools were used to allow a direct compari-
son with those of nonclinical species, and plasma toxicokinetic and 14C-metabo-
lite profiles were determined over a 0- to 24-hour time period. Consequently, the
0- to 96-hour AUC pools were analyzed to capture the majority (>90%) of 14C
radioactivity in human plasma samples. Homogenized fecal samples were pooled
based on a ratio of the total weight of the sample excreted at each time point
such that the pool represented $95% of the total excreted 14C across all partici-
pants. An equal weight of sample from each individual pool was obtained to pre-
pare a combined fecal pool. Plasma and fecal samples were extracted with a 50:
50 mixture of methanol to acetonitrile (volume/volume, 3–4.5 volumes) two
times, dried under a stream of nitrogen gas, and reconstituted in a 10:10:80 mix-
ture of dimethyl sulfoxide to acetonitrile to water (volume/volume/volume). Bile

strings were removed from the freezer and thawed at room temperature for the
shortest time that was practically possible. Each string was immediately placed
inside the barrel of a hypodermic plastic syringe, and duodenal bile was extracted
individually with high-performance LC (HPLC)–grade acetonitrile and then
HPLC-grade water. The organic extracts from treatment period 1 (intravenous
bile) were dried and then reconstituted with 250 ll of 10-mM ammonium for-
mate (pH 5 4) in a 9:1 mixture of LC-grade water to HPLC-grade acetonitrile
containing 0.1% formic acid (pH 5 4; volume/volume), whereas the combined
extracts from treatment period 2 (oral bile) were diluted 100-fold with 10 mM
ammonium formate (pH 5 4). Extracts were pooled from individual participants,
and extracts containing radioactivity above LSC background were pooled across
participants.

The metabolic profile of fecal samples from treatment period 2 (oral) was
characterized by Q2 Solutions (Morrisville, NC) using HPLC-MS/MS. Represen-
tative fecal samples containing >1% of the administered dose were pooled by to-
tal weight ratio to obtain a pool containing >95% of the radioactivity excreted in
each participant. Fecal samples were extracted with a 50:50 mixture of methanol
to acetonitrile, centrifuged evaporated under nitrogen, and reconstituted in a
1:1:8 (volume/volume/volume) mixture of dimethyl sulfoxide to acetonitrile to
water. The amount of radioactivity in the extracts was determined by LSC before
radio-HPLC analysis. Radio-HPLC data were captured offline by collecting frac-
tions into 96-well Scintiplates (PerkinElmer, Waltham, MA). Each HPLC eluate
was evaporated to dryness under centrifugal vacuum, the dried plates were
sealed, and a microplate scintillation counter with 12 independent photomultiplier
tubes was used to count each well; no background was subtracted.

Data analyses from AMS and scintillation counting data from offline analyses
were converted into a form compatible with Laura software (LabLogic Systems,
Inc., Tampa, FL) using its “LSC import” function to reconstruct AMS and radio-
HPLC radiochromatograms. The area in each radioactive peak was expressed as
a percentage of the total number of counts detected.

Pharmacokinetics and Statistical Analyses
No formal sample size calculation was performed. A sample size of four to

six participants was deemed appropriate to achieve the objectives of the study
(Penner et al., 2009). This study used WinNonlin software version 6.3 or higher
(Certara, Princeton, NJ) to noncompartmentally analyze the parent drug after oral
tablet or suspension administration and intravenous administration (plasma
GSK3640254 and [14C]GSK3640254, respectively) as well as total radioactivity
concentration-time data based on actual recorded sampling times for derivation
of PK parameters. Clearance, volume of distribution at steady state (Vss), and
oral bioavailability for each oral formulation (tablet or suspension) were calcu-
lated for GSK3640254 in plasma. Pharmacokinetic parameters for GSK3640254,
[14C]GSK3640254, and total radioactivity after intravenous infusion and oral ad-
ministration were summarized descriptively. Absorption and first-pass PK param-
eters for GSK3640254, including fraction of drug escaping first-pass hepatic
clearance (Fh), hepatic extraction ratio (Eh), fraction of drug escaping gut metab-
olism (Fg), and Fabs, were calculated as previously described (Harrell et al.,
2019).

Results

Study Population
Of the 17 individuals screened, five participants were enrolled and

completed the study. One protocol deviation was reported for a partici-
pant who met exclusion criteria (past or intended use of over-the-coun-
ter or prescription medications); this participant was rescreened after
meeting eligibility criteria and enrolled. All participants were men, with
a mean age of 37 years and a mean body mass index of 24.8 kg/m2

(Supplemental Table 2).

Mass Balance and Excretion
The mean recovery of radioactivity over time after intravenous and

oral administration of [14C]GSK3640254 is shown in Fig. 3. After intra-
venous administration of [14C]GSK3640254, the majority of radioactiv-
ity was excreted within 96 hours (53% of dose) and a total of 76% of
the administered dose was recovered within 7 days, with 74% of the
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dose being recovered in feces and <2% in the urine. Normalized for re-
covery, fecal excretion was predominant, accounting for 97.5% of the
total recovered radioactivity, with �2.5% in the urine (Fig. 3A). After
oral administration of [14C]GSK3640254, 75% of the administered dose
was recovered within 96 hours and a total of >94% of the administered
dose was recovered within 7 days. Similarly, excretion was predomi-
nately in the feces, accounting for >99% of the total recovered radioac-
tivity (Fig. 3B), with <0.6% of the administered dose recovered in the
urine.

Pharmacokinetic Results
After oral administration of GSK3640254 (2 × 100-mg tablets) in

treatment period 1, the maximum observed concentration (Cmax) was
reached with a median time of Cmax (Tmax) of 7 hours followed by a
slow decline in concentrations, with a geometric mean terminal phase
half-life (t1/2) of 24.1 hours (Fig. 4A; Table 1). The geometric mean F
of GSK3640254 after oral tablet administration was 21.4% [90% confi-
dence interval (CI), 19.4% to 23.5%; Table 2] based on dose-normalized
AUC from time 0 extrapolated to infinity (AUC0–1) relative to the intra-
venous microtracer dose.
After intravenous infusion administration of [14C]GSK3640254 in

treatment period 1, similar concentration-time profiles were demon-
strated for both [14C]GSK3640254 and total radioactivity, with Cmax oc-
curring at the end of the 1-hour infusion (median Tmax 5 0.983 hours;
Fig. 4B; Table 1). These data demonstrated that GSK3640254 is the
predominant contributor of total radioactivity in plasma, with a minimal
contribution of metabolite(s) to the drug-related material in systemic cir-
culation. Plasma concentrations of [14C]GSK3640254 steadily declined
from Cmax, with a geometric mean t1/2 of 21.7 hours. The geometric
mean plasma clearance of [14C]GSK3640254 was low (1.04 l/h), and
the geometric mean Vss was low (28.7 L) and close to the volume for
extracellular fluid, indicating that there is low distribution of the drug
outside the systemic circulation. After correction of the plasma clear-
ance with a human blood-to-plasma ratio of 0.5 (Table 1), the human
blood clearance is 2.08 l/h (1.04 l/h/0.5), which is equal to 2% of liver
blood flow relative to a human hepatic blood flow of 87 l/h (Davies and
Morris, 1993). The geometric mean renal clearance was 0.02 l/h, provid-
ing a negligible contribution to the overall total clearance. After intrave-
nous infusion, ratios of plasma concentrations of [14C]GSK3640254 to
total radioactivity demonstrated that GSK3640254 is the predominant
contributor to total radioactivity in plasma (Supplemental Table 3).

After oral administration of [14C]GSK3640254 as an 85-mg oral sus-
pension, [14C]GSK3640254 and total radioactivity had similar plasma
concentration-time profiles, reaching Cmax with a median Tmax of 4
hours and slowly declining thereafter (Fig. 4C; Table 1). The geometric
mean t1/2 of [

14C]GSK3640254 was 24.2 hours. Using total radioactiv-
ity in urine as a surrogate for GSK3640254 urine concentration, the cal-
culated oral renal clearance was low (0.01 l/h). After oral suspension
administration of [14C]GSK3640254, the geometric mean Cmax and
AUC ratios of GSK3640254 for total radioactivity demonstrated that
GSK3640254 accounts for �82% to 93% of the total radioactivity in
plasma (Supplemental Table 3). Systemic exposures of total radioactiv-
ity in blood were reduced compared with those for total radioactivity in
plasma, with mean blood-to-plasma ratios of 0.480 to 0.595 up to 10
hours postdose. Dose-normalized Cmax, AUC0–1, and AUC from time
0 to last quantifiable concentration (AUC0–t) were used to compare the
relative bioavailability of the 85-mg oral suspension (treatment period 2)
versus the 200-mg oral tablets (treatment period 1). The geometric mean
AUC ratios of GSK3640254 exposures were close to 100% and 90% CIs
for overall exposure (AUC0–t and AUC0–1) were within the Food and
Drug Administration bioequivalence limit (0.80–1.25), suggesting that
the two formulations were bioequivalent. The relative bioavail-
ability of the oral suspension versus the oral tablet was slightly
increased by 14% based on the Cmax and the 90% CI (0.992–1.32;
Table 2).

Absorption and First-Pass Pharmacokinetic Parameters
Geometric mean absorption parameters of GSK3640254 are pre-

sented in Table 3. The plasma metabolite load (ML; exposure ratio of
metabolites to total radioactivity) after intravenous and oral delivery
was low (0.0438 and 0.180, respectively). After oral suspension admin-
istration, it is estimated that �26% of GSK3640254 is absorbed (Fabs)
across the gastrointestinal tract and only �0.5% of the absorbed drug is
cleared (Eh) before reaching the systemic circulation. Minimal loss of
GSK3640254 was likely due to high fractions of drug escaping metabo-
lism in the gut wall and liver, with an Fg value of 89.8% and an Fh
value of 99.5%, respectively.

Metabolism
A putative metabolic scheme for GSK3640254 is shown in Fig. 2. Ac-

celerator mass spectrometry analysis of time-resolved pooled plasma ex-
tracts (0–24 hours and 0–96 hours) from oral-dosed participants (treatment
period 2) showed that GSK3640254 was the predominant circulating
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component (87.4% and 85.0% of plasma radioactivity, respectively;
Fig. 5). The other notable radiolabeled components were identified as M4
(oxidation) and coeluting M1 (acyl glucuronide conjugate) and M9
(N-dealkylation), accounting for 3.2% and 2.4% of the radioactivity in the
pooled plasma (0–96 hours), respectively. Due to closely aligned total
circulating radioactivity with the levels of circulating concentrations of
GSK3640254, metabolite profiling was not performed in plasma samples
from intravenous-dosed participants in treatment period 1. Representative
AMS chromatograms of reconstituted pooled plasma extractions in treat-
ment period 2 are shown in Fig. 5.
After intravenous infusion in treatment period 1, unchanged

GSK3640254 was the predominant radioactive component in pooled fe-
cal samples, accounting for 44% of total radioactivity and 32% of the
dose; other notable radioactive components included M4 (oxidation; 7%
of radioactivity), M8 (dioxidation; 3.6% of radioactivity), and M9 (N-
dealkylation) plus M28 (oxidation; labeled as “Unknown” and ac-
counted for 9.0% of combined radioactivity; Fig. 6A). All other radioac-
tive components accounted for <4% of the total radioactivity. In pooled
bile extracts after intravenous infusion, M1 (formed by acyl glucuroni-
dation) was the major radioactive component, representing 41% of to-
tal radioactivity; other radioactive components included unchanged

GSK3640254 (15% of radioactivity), M4 (oxidation; 11% of radioac-
tivity), and M8 (d-oxidation; 6% of radioactivity; Fig. 6B). All other
radioactive components individually accounted for <4% of the total
radioactivity.
After oral administration in treatment period 2, the principal radioac-

tive component in feces was unchanged GSK3640254, representing
84% of total radioactivity and 79% of the dose (Fig. 7A). Other notable
radioactive components included M4 (oxidation; 3% of radioactivity)
and M9 coeluting with M28 (5% of radioactivity; formed by N-dealky-
lation and oxidation, respectively). The remaining lesser radioactive
components included M5 (oxidation), M7 (hydration), M8 (dioxidation),
M13 (hydration and oxidation), M14 (oxidation and N-dealkylation),
M18 (oxidation), M27 (oxidation), and M29 (oxidation and N-dealkyla-
tion), each <2% of radioactivity (Supplemental Table 4). Unchanged
GSK3640254 also accounted for the majority of total radioactivity
in pooled bile extracts after oral administration (94%), with other
radioactive components each accounting for <1% of total radioac-
tivity (Fig. 7B); however, comparison of biliary metabolite profiles
from intravenous- and oral-dosed participants suggested that
GSK3640254 in bile samples from treatment period 2 was com-
posed of primarily the unabsorbed GSK3640254. With the high

TABLE 1

Summary of GSK3640254 plasma PK parameters

PK Parameter N n Route of Administration Geometric Mean (% CVb)a

Derived from Total Radioactivity

Cmax (ng/ml) 5 5 Intravenous 7.46 (6.9)
5 5 Oral 675 (13.6)

Tmax median (range) (h) 5 5 Intravenous 0.983 (0.983–0.983)
5 5 Oral 4.00 (1.50–6.00)

AUC0–t (h·ng/ml) 5 5 Intravenous 102 (19.4)
5 5 Oral 22,746 (20.4)

AUC0–1 (h·ng/ml) 5 5 Intravenous 105 (19.1)
5 5 Oral 23,227 (20.7)

t1/2 (h) 5 5 Intravenous 29.8 (11.3)
5 5 Oral 30.1 (11.4)

CL (l/h) 5 5 Intravenous 1.03 (21.6)
CL/F (l/h) 5 5 Oral 3.65 (20.7)
Vss (L) 5 5 Intravenous 40.5 (28.3)
V/F (L) 5 5 Oral 158 (20.6)
Oral Tablet (GSK3640254 200 mg)

Cmax (ng/ml) 5 5 Oral 1293 (7.6)
Tmax median (range) (h) 5 5 Oral 7.0 (4.5–9.0)
AUC0–t (h·ng/ml) 5 5 Oral 40,817 (14.2)
AUC0–1 (h·ng/ml) 5 5 Oral 41,234 (14.5)
t1/2 (h) 5 5 Oral 24.1 (16.4)
CL/F (l/h) 5 5 Oral 4.85 (14.5)
Intravenous Infusion ([14C]GSK3640254 100 lg)

Cmax (ng/ml) 5 5 Intravenous 8.44 (12.0)
Tmax median (range) (h) 5 5 Intravenous 0.983 (0.983–0.983)
AUC0–t (h·ng/ml) 5 5 Intravenous 93.3 (20.4)
AUC0–1 (h·ng/ml) 5 5 Intravenous 96.6 (19.7)
t1/2 (h) 5 5 Intravenous 21.7 (12.6)
CL (l/h) 5 5 Intravenous 1.04 (19.7)
CLR,i (l/h) 5 5 Intravenous 0.0199 (29.2)
Vss (L) 5 5 Intravenous 28.7 (21.9)
Oral Suspension ([14C]GSK3640254 85 mg)

Cmax (ng/ml) 5 5 Oral 628 (15.4)
Tmax median (range) (h) 5 5 Oral 4.0 (1.5–5.5)
AUC0–t (h·ng/ml) 5 5 Oral 18,828 (21.7)
AUC0–1 (h·ng/ml) 5 5 Oral 19,026 (21.8)
t1/2 (h) 5 5 Oral 24.2 (5.1)
CL/F (l/h) 5 5 Oral 4.47 (21.8)
CLR/F (l/hb) 5 5 Oral 0.0147 (30.1)

CL, clearance; CL/F, oral clearance; CLR/F, oral renal clearance; CLR,i, renal clearance; CVb, between-participant coefficient of variation; V, volume of distribution; V/F, oral volume of
distribution.
aExcept where noted for Tmax.
bCumulative amount of radioactivity in urine for treatment period 2 was used as a surrogate for GSK3640254 in urine to calculate CLR/F.
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radioactive dose in treatment period 2, it is likely that any potential contami-
nation from the unabsorbed radioactive oral dose had significant impact on
the metabolic profiles from oral-dosed participants.

Safety
No deaths, serious adverse effects (AEs), or AEs leading to study

withdrawal were reported. Overall, 1 (20%) participant reported three

TABLE 2

Absolute and relative bioavailability of dose-normalized GSK3640254

Dose-Normalized PK Parameter Dose-Normalized Adjusted Geometric Mean Ratio (% CVw) 90% CI

Absolute Bioavailability

AUC0–1/dose (h·ng/ml per mg) Test (oral tablet) 206 0.214 (7.2) 0.194–0.235
Reference (intravenous) 966

AUC0–t/dose (h·ng/ml per mg) Test (oral tablet) 204 0.219 (7.8) 0.198–0.243
Reference (intravenous) 933

Relative Bioavailability

AUC0–1/dose (h·ng/ml per mg) Test (oral suspension) 224 1.090 (8.2) 0.973–1.212
Reference (oral tablet) 206

AUC0–t/dose (h·ng/ml per mg) Test (oral suspension) 222 1.090 (8.4) 0.969–1.216
Reference (oral tablet) 204

Cmax/dose (ng/ml per mg) Test (oral suspension) 7.39 1.140 (12.1) 0.992–1.318
Reference (oral tablet) 6.46

CVw, within-participant coefficient of variation.
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AEs during the study. This participant reported AEs of asthenia and
nausea that were mild in intensity during treatment period 1 and an ad-
ditional AE of asthenia that was moderate in intensity during treatment
period 2. All AEs were considered to be drug related and resolved
within 2 days of onset. No clinically significant findings were reported
for chemistry or hematology values, electrocardiographic parameters, or
vital signs.

Discussion

A combination of a 14C intravenous microtracer and noninvasive
EnteroTracker bile sampling techniques was used to fully characterize
the ADME and PK of GSK3640254 in healthy men, with comprehen-
sive information obtained for mass balance and excretion data,
GSK3640254 and total radioactivity in plasma, and metabolite profiles
in multiple matrices. This approach allowed for the derivation of ab-
sorption and first-pass parameters that are not typically reported in con-
ventional clinical PK studies, including parameters such as Fabs, Fg, Eh,
and geometric mean renal clearance. Incorporating a 14C-isotope into
the parent GSK3640254 molecule enabled human metabolism to be
fully evaluated in both plasma and excreta, allowing for the assessment
of exposure to circulating metabolites as well as the identification of
elimination pathways. To ensure pharmacological relevance, the intrave-
nous microtracer dose was concomitantly administered with a therapeu-
tically relevant GSK3640254 oral dose (2 × 100-mg tablets), which is
currently under clinical development. The first-time application of the
noninvasive bile sampling via EnteroTracker devices enabled the assess-
ment of biliary disposition of GSK3640254 and its metabolites. Most
importantly, hepatic metabolism and biliary excretion were identified as
a major elimination pathway for absorbed GSK3640254, which would

otherwise be overlooked based solely on analysis of plasma, urine, and
fecal matrices.
The total recovery of radioactivity achieved after oral suspension ad-

ministration of 85 mg [14C]GSK3640254 (3.15 MBq radioactivity) with
food was 94%, which is in line with expectations for an acceptable
mass balance recovery as established by the European Medicines
Agency (https://www.ema.europa.eu/en/investigation-drug-interactions).
Although recovery of radioactivity was lower (76%) after intravenous
infusion, it was only slightly below the 80% recovery threshold reported
in a retrospective analysis of other mass balance clinical studies (Roffey
et al., 2007). It is noteworthy to mention that the much lower radioac-
tive microtracer dose (3.7 kBq) delivered by intravenous infusion did
not permit recovery to be used for release criteria due to the slow data
turnaround; thus, a fixed collection period of 7 days after dosing was es-
tablished in the study protocol. Excretion of GSK3640254 predomi-
nately occurred through the feces, accounting for 97.5% and >99% of
total recovered radioactivity after intravenous and oral administration,
respectively. By contrast, urinary excretion was minimal after adminis-
tration of [14C]GSK3640254 as an intravenous infusion (�2.5%) or
oral suspension (<1%). Due to negligible radioactivity excreted in urine,
no metabolite investigation was conducted in this matrix.
Intravenous administration of [14C]GSK3640254 resulted in plasma

concentration-time profiles characterized by low clearance and low
Vss. GSK3640254 exhibited blood clearance equal to 2% of human
liver blood flow, and the Vss (28.7 L) was less than the previously re-
ported value for total body water (42 L) (Davies and Morris, 1993);
these results suggest that limited distribution of GSK3640254 occurred
outside of the plasma. Regardless of formulations, oral administration
of GSK3640254 demonstrated good dose proportionality between the
200-mg oral tablets and 85-mg oral suspension. After oral suspension
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administration, it is estimated that �26% of dose is absorbed (Fabs)
across the gastrointestinal tract. Although the oral Fabs was low, any
absorbed GSK3640254 is likely subject to poor ‘first-pass’ metabolism
by the gut wall (Fg 5 0.898) and liver (Eh 5 0.005; Fh 5 0.995).
Thus, it is postulated that the relatively low oral F (21.4%) was pri-
marily driven by the low oral absorption rates rather than metabolic
clearance or ‘first-pass’ effects. Key factors driving oral F can be bet-
ter understood by dissecting oral absorption into specific parameters
such as absorption rate and gut and hepatic extraction (Harrell et al.,
2019). Determining the ‘first-pass’ drug burden to the gastrointestinal
tract and liver may also improve the evaluation of potential drug-drug
interactions using physiologically based PK models. In addition, the
low Eh and poor ‘first-pass’ effects of GSK3640254 in human are par-
allel with the observed low intrinsic clearance in vitro in incubations
with human liver microsomes and hepatocytes (unpublished observa-
tions). Despite the low Fabs, the minimal ‘first-pass’ effect and low
clearance ensures delivery of adequate exposures of GSK3640254
reaching the systemic circulation. The geometric mean elimination
t1/2 values were similar, ranging from 22 to 24 hours after administra-
tion as oral tablets, intravenous infusion, or oral suspension, suggest-
ing that the rate of terminal elimination was not affected by the

administration route (intravenous or oral). Based on geometric mean
plasma [14C]GSK3640254-to-total radioactivity ratios for Cmax and
AUC, unchanged GSK3640254 was the predominant contributor of to-
tal radioactivity in plasma after both intravenous infusion (>90%) and
oral administration (82% to 93%).
The predominant circulating drug-related component in plasma

was unchanged GSK3640254 after oral dosing. Several minor ra-
dioactive peaks representing �2% to 3% of sample radioactivity
were composed of three metabolites formed by acyl-glucuronida-
tion, oxidation, and N-dealkylation. Therefore, no individual me-
tabolite exceeded the 10% threshold of the total drug-related
exposure outlined by the International Conference on Harmoniza-
tion and US Food and Drug Administration (https://database.ich.
org/sites/default/files/M3_R2__Guideline.pdf; https://www.fda.gov/
media/72279/download), above which further nonclinical evalua-
tion may be justified. The metabolites identified in human plasma
had chemical structures that were formed via common oxidative
and conjugative routes and are considered innocuous and unlikely
to be reactive. Therefore, no human GSK3640254 metabolites need
further evaluation in nonclinical studies. In addition, the levels of
circulating radioactivity were closely aligned with the levels of
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circulating concentrations of GSK3640254, suggesting minimal
levels of metabolites in plasma from the intravenous administration
of [14C]GSK3640254.
The acyl glucuronide M1 was a major component (41%) in hu-

man duodenal bile after intravenous administration but was not de-
tected in fecal extracts (Fig. 6), suggesting a rapid hydrolysis of the
acyl glucuronide metabolite by the gut microflora. This likely con-
tributed to a potential enterohepatic recirculation of GSK3640254,
which may explain small fluctuations (secondary uplifts) observed
in the plasma PK profiles. Although only “snapshot” measurements,
LC 1 AMS analysis of bile string extracts suggested that acyl glu-
curonidation (as M1) was a likely major route of elimination path-
way of GSK3640254. Given that no or only trace levels of M1
were detected in other biologic matrices, including plasma and fe-
ces, it is of importance that duodenal bile sampling bridges the gap
in understanding the major elimination pathways of GSK3640254
in human. Based on in vitro phenotyping experiments, several uri-
dine diphosphate glucuronosyltransferase (UGT) isoforms, includ-
ing UGT1A4 and UGT2B7, were involved in glucuronidation of
GSK3640254, with less contribution from UGT1A9 (unpublished
observations).
It remains challenging to predict which metabolites formed in the

liver will eventually circulate in plasma (Loi et al., 2013). Despite ex-
tensive hepatic metabolism observed in duodenal bile, unchanged par-
ent GSK3640254 is the predominant circulating component in human
plasma, with only trace levels of metabolites observed (Fig. 5). This is
parallel with the low plasma ML (ratio of metabolite to total radioac-
tivity) after intravenous (ML 5 0.0438) and oral (ML 5 0.18) admin-
istration (Table 3). Routes of metabolism included various oxidations,
including acyl glucuronidation, N-dealkylation, mono- and dioxida-
tions, and combinations thereof. Apart from UGT-mediated conjuga-
tion reactions, cytochrome P450 3A4 was identified as the only
cytochrome P450 isoform metabolizing GSK3640254 in incubations
with human liver microsomes (unpublished observations). Overall,
these data suggest that once absorbed, the systemically available
GSK3640254 was eliminated primarily by hepatobiliary secretion in
the form of metabolites. A high proportion of metabolic elimination is
likely to result from acyl glucuronidation. Renal clearance is a negligi-
ble route of elimination.
In conclusion, this small, two-part study using concomitant adminis-

tration of intravenous and oral doses, state-of-the-art analytical technol-
ogy, and thorough evaluation of ADME and PK parameters has
rigorously characterized GSK3640254 disposition in human. These
findings subsequently helped the development of a cohesive strategy for
clinical pharmacology studies, including drug-drug interactions and
study of special patient populations.
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