
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ixen20

Xenobiotica
the fate of foreign compounds in biological systems

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/ixen20

In vitro and in vivo studies on the metabolism and
pharmacokinetics of the selective gut microbial β-
glucuronidase targeting compound Inh 1

Anna Kerins, Phil Butler, Rob Riley, Marta Koszyczarek, Caroline Smith, Faye
Cruickshank, Vamsi Madgula, Nilkanth Naik, Matthew R. Redinbo & Ian D.
Wilson

To cite this article: Anna Kerins, Phil Butler, Rob Riley, Marta Koszyczarek, Caroline Smith,
Faye Cruickshank, Vamsi Madgula, Nilkanth Naik, Matthew R. Redinbo & Ian D. Wilson
(12 Jun 2024): In vitro and in vivo studies on the metabolism and pharmacokinetics of
the selective gut microbial β-glucuronidase targeting compound Inh 1, Xenobiotica, DOI:
10.1080/00498254.2024.2357765

To link to this article:  https://doi.org/10.1080/00498254.2024.2357765

© 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

View supplementary material 

Published online: 12 Jun 2024. Submit your article to this journal 

Article views: 412 View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=ixen20
https://www.tandfonline.com/journals/ixen20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00498254.2024.2357765
https://doi.org/10.1080/00498254.2024.2357765
https://www.tandfonline.com/doi/suppl/10.1080/00498254.2024.2357765
https://www.tandfonline.com/doi/suppl/10.1080/00498254.2024.2357765
https://www.tandfonline.com/action/authorSubmission?journalCode=ixen20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=ixen20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00498254.2024.2357765?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00498254.2024.2357765?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/00498254.2024.2357765&domain=pdf&date_stamp=12 Jun 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/00498254.2024.2357765&domain=pdf&date_stamp=12 Jun 2024


RESEARCH ARTICLE

Xenobiotica

In vitro and in vivo studies on the metabolism and pharmacokinetics of the 
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ABSTRACT
1. In vitro studies using rat, mouse, and human microsomes and hepatocytes on the bacterial 

β-glucuronidase inhibitor 1-((6,8-dimethyl-2-oxo-1,2-dihydroquinolin-3-yl)methyl)-3-(4-ethoxyphenyl)-
1-(2-hydroxyethyl)thiourea)  (Inh 1) revealed extensive metabolism in all species.

2. The intrinsic clearances of Inh 1 in human, mouse, and rat hepatic microsomes were 30.9, 67.8, and 
201  µL/min/mg, respectively. For intact hepatocytes intrinsic clearances of 21.6, 96.0, and 129  µL/
min/106 cells were seen for human, mouse and rat, respectively.

3. The metabolism of Inh 1 involved an uncommon desulphurisation reaction in addition to oxidation, 
deethylation, and conjugation reactions at multiple sites. Six metabolites were detected in microsomal 
incubations in human and rat, and seven for the mouse. With hepatocytes, 18 metabolites were 
characterised, 9 for human, and 11 for mouse and rat.

4. Following IV administration to mice (3 mg/kg), plasma concentrations of Inh 1 exhibited a monophasic 
decline with a terminal elimination half-life of 0.91  h and low systemic clearance (11.8% of liver 
blood flow). After PO dosing to mice (3 mg/kg), peak observed Inh 1 concentrations of 495  ng/mL 
were measured 0.5  h post dose, declining to under 10  ng/mL at 8  h post dose. The absolute oral 
bioavailability of Inh 1 in the mouse was ca. 26%.

Introduction

As is well recognised, many treatment regimens are limited 
by the occurrence of adverse drug reactions (ADRs). These 
can be related to both dose and duration of treatment but, 
whatever the reason, they can be a major cause of therapeu-
tic failure. Indeed, in some instances (particularly for idiosyn-
cratic ADRs), the result is drug withdrawal. In the case of 
adverse lower GI tract problems, the hydrolysis of glucuron-
ide conjugates of the drug, or a pharmacologically active 
metabolite, by gut microbial-derived β-glucuronidase 
enzymes can be one source of toxicity (e.g. Bhatt et  al. 2020; 
LoGuidice et  al. 2012; Saitta et  al. 2014; Takasuna et  al. 1996; 
Wallace et  al. 2010; Yauw et  al. 2018). So, whilst the glucuro-
nide conjugates themselves are, with a few exceptions, phar-
macologically inactive, their excretion into the GI tract via the 
bile may lead to their unwanted reactivation following hydro-
lysis to the pharmacologically active aglycone.

An example of this is the lower GI toxicity resulting from 
the treatment of long-term inflammatory conditions (e.g. rheu-
matoid arthritis) using non-steroidal anti-inflammatory drugs 

(NSAIDs) such as naproxen, ibuprofen, celecoxib, diclofenac, 
etc. (Bhatt et  al. 2018; Allison et  al. 1992; Bjarnason et  al. 
1993). These drugs can damage both the stomach and intes-
tine, and some of these gastric problems can be reduced by 
co-administration (either separately or as fixed ratio combina-
tions) using proton pump inhibitors (PPIs) or H2 receptor 
antagonists (Wallace et  al. 2011). However, whilst alleviating 
adverse effects on the stomach, PPIs/H2 receptor antagonists 
do little for the intestinal toxicity, having indeed been shown 
to exacerbate the effects of NSAIDs on the small intestine, in 
part as a result of effects on the gut microbiota (Wallace et  al. 
2011). Intestinal damage by NSAID drugs was, for many years, 
thought to be caused by the chemically reactive acyl glucuro-
nides, which are often excreted in the bile as major metabo-
lites and were thought to be damaging to the gut mucosa 
(Boelsterli and Ramirez-Alcantara 2011). However, this toxicity 
can be blocked (at least in rodents) using novel, highly potent, 
gut bacterial β-glucuronidase (GUS) inhibitors (Bhatt et  al. 
2020; LoGuidice et  al. 2012; Saitta et  al. 2014; Takasuna et  al. 
1996; Wallace et  al. 2010; Yauw et  al. 2018). Similarly, the 
dose-limiting lower GI tract toxicity seen with the anticancer 
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drug irinotecan can also be prevented in rodents via the inhi-
bition of the hydrolysis of the glucuronide of its active metab-
olite SN38 by bacterial β-glucuronidases (Bhatt et  al. 2020; 
Roberts et  al. 2013; Takasuna et  al. 1996; Wallace et  al. 2010; 
Wallace et  al. 2015). We have previously investigated the in 
vitro metabolic fate (hepatic microsomes and hepatocytes) 
and in vivo pharmacokinetics in mouse of the potent GUS 
inhibitor UNC 10201652 ((4-(8-(piperazin-1-yl)-1,2,3,4-tetr
ahydro-[1,2,3]triazino [4′,5′:4,5]thieno[2,3-c]isoquinolin-5-yl)
morpholine) (Kerins et  al. 2022).

Here we have investigated the metabolic fate of a second, 
chemically distinct, bacterial β-glucuronidase inhibitor, Inh 1 
([1-((6,8-dimethyl-2-oxo-1,2-dihydroquinolin-3-yl)methyl)-3-
(4-ethoxyphenyl)-1-(2-hydroxy-ethyl)thiourea]) (Wallace et  al. 
2010) (Figure 1). This compound has been used to alleviate 
GI toxicity caused by SN-38 and NSAIDs in rodents (LoGuidice 
et  al. 2012; Roberts et  al. 2013; Wallace et  al. 2010, 2015; 
Yauw et  al. 2018). Clearly however, prior to undertaking stud-
ies in patients, DMPK studies need to be performed to assess 
metabolic risks and design appropriate preclinical toxicology 
studies. Here we describe enabling in vitro investigations 
undertaken to obtain protein binding, permeability, meta-
bolic stability and metabolic fate in microsomes and hepato-
cytes (for rat, mouse, and humans). In addition, a preliminary 
in vivo study of the intravenous (IV) and oral (PO) pharmaco-
kinetics of Inh 1 was performed in the Swiss Albino mouse in 
order to estimate its bioavailability and systemic exposure to 
aid the design of future in vivo preclinical work.

Experimental methods

Chemicals and reagents

Inh 1, (1-((6,8-dimethyl-2-oxo-1,2-dihydroquinolin-3-yl)meth-
yl)-3-(4-ethoxyphenyl)-1-(2-hydroxyethyl)thiourea), was syn-
thesised by the authors as described elsewhere (Wallace 
et  al. 2010; Wallace et  al. 2015). Methanol (MeOH) used in the 
in vitro metabolite profiling studies, and the dimethyl sulfox-
ide (DMSO) for drug dissolution, were from Fisher Scientific 
(Loughborough, UK). Aqueous 10  mM ammonium formate 
with 0.1% formic acid and the acetonitrile (ACN) with 0.1% 
formic acid were from Alderley Park Glassware (Alderley Park, 
UK). The ACN used for the analysis of plasma was purchased 
from RCI Labscan (Bangkok, Thailand) and the 0.1% aqueous 
formic acid was obtained from Fluka (Fair Lawn, NJ). N-methyl 

pyrrolidone, polyethylene glycol (PEG-400), sodium car-
boxymethyl cellulose (NaCMC), and Tween-80 were from 
Sigma-Aldrich (St. Louis, MO).

Nicotinamide adenine dinucleotide phosphate (NADPH) 
was obtained from Roche Diagnostics (Mannheim, Germany). 
The probe compounds used in the in vitro assays (amitripty-
line, antipyrine, atenolol, benzydamine, dextromethorphan, 
diazepam, diphenhydramine, elacridar, oestrone 3-sulphate, 
metoprolol, MK-571, raloxifene, umbelliferone, verapamil, and 
warfarin) were from Sigma-Aldrich, whilst talinolol was 
obtained from Toronto Research Chemicals (Toronto, ON, 
Canada). For the in vitro incubations Williams E media, HEPES, 
L-glutamine, non-essential amino acids and lucifer yellow 
were all purchased from Sigma-Aldrich.

Dulbecco’s modified eagle medium (Gibco™ DMEM; high 
glucose with GlutaMax and pyruvate), foetal bovine serum 
(Gibco™; heat inactivated) and Hanks balanced salt solution 
(HBSS; Gibco™ containing CaCl2 and MgCl2) were from Fisher 
Scientific.

For in vitro cell permeability incubations, Millicell-96 multi-
well cell culture insert plates (polycarbonate membranes with 
0.4 μm pore size and of 0.12 cm2 surface area), together with 
Millicell 96-well transport companion plates, were obtained 
from Millipore (Watford, UK).

Pooled mixed male and female human liver microsomes 
and male Sprague Dawley rat liver liver microsomes (HLM 
and RLM, respectively) were sourced from Corning (Woburn, 
MA). Male mouse ICR/CD-1 liver microsomes (MuLM) were 
purchased from BioIVT (Brussels, Belgium). These microsomes 
were stored at −80 °C until use.

Similarly pooled mixed male and female human hepato-
cytes, pooled male ICR/CD-1 mouse hepatocytes, and pooled 
male Sprague Dawley rat hepatocytes were obtained 
from BioIVT.

Pooled male Sprague Dawley rat and pooled male ICR/
CD-1 mouse plasma were also obtained from BioIVT whilst 
pooled male and female human plasma was purchased from 
Research Donors Ltd (London, UK).

In vitro cell permeability experiments were performed 
using Caco-2 cells (HTB37, American Type Culture Collection, 
supplied as passage number 17).

Determination of plasma protein binding and fraction 
unbound in plasma and liver microsomal incubations

Protein binding was evaluated using a Rapid Equilibrium 
Dialysis (RED) system (Thermo Scientific, Waltham, MA) with 
0.1 M phosphate buffer (pH 7.4) and biological matrix sepa-
rated by a semi permeable membrane. The plasma and mic-
rosomal protein binding of Inh 1 was determined, in 
triplicate, by adding the drug to plasma or liver microsomes 
at 2 µM (final DMSO concentration 0.5% v/v). For plasma, 
pooled mixed gender human, male CD-1 mouse and male 
rat Sprague Dawley plasma were used undiluted (final vol-
ume 300 μL) whilst for microsomal studies mixed gender 
human, male CD-1 mouse and male Sprague Dawley rat liver 
microsomes were used at a concentration of 0.5 mg/mL (final 
volume 300 μL). The buffer compartment (final volume 
500 μL) was supplemented with 0.5% DMSO (v/v) to 

Figure 1. the structure of inh 1 (1-((6,8-dimethyl-2-oxo-1,2-dihydroquinolin-3-yl)
methyl)-3-(4-ethoxy-phenyl)-1-(2-hydroxy-ethyl)thiourea).
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maintain the DMSO concentration across both compart-
ments. The RED apparatus and the initial solutions of the 
appropriate biological matrix were incubated at 37 °C at 5% 
CO2, for 4  h (with agitation at 250  rpm) for system equilibra-
tion at which point samples were taken from both sides of 
the membrane, as well as from the initial solutions. 
Calibration curves were prepared in blank plasma or micro-
somes and blank buffer (all containing 0.5% DMSO v/v). The 
samples and standards were precipitated with 3 volumes of 
ACN containing internal standard (0.55 μM metoprolol), and 
centrifuged (1280  g, 30  min, 4 °C), with 50  μL of the super-
natant then diluted with 100 μL H2O for LC-MS/MS analysis. 
A control compound was included for each matrix in each 
experiment (2 μM amitriptyline for microsomes; 2 μM warfa-
rin for plasma).

Caco-2 permeability of Inh 1

Caco-2 cells were seeded at 1 × 105 cells/cm2 onto Millicell-96 
multiwell insert plates. Cells were used between passages 
50–60 and were cultured in DMEM cell culture medium (sup-
plemented with foetal bovine serum (10% w/v), L-glutamine 
(2 mmol/L), nonessential amino acids (1% v/v), and antibiotics 
penicillin (50  U/mL) and streptomycin (50  μg/mL) at 37 °C 
with 5% CO2 and a relative humidity of 95%. Media was 
removed and replenished every 48 or 72 h. The permeability 
study on Inh 1 was performed on day 20 of culture with cell 
monolayers rinsed on both apical and basolateral surfaces 
twice using Hanks Balanced Salt Solution (HBSS) (containing 
25 mmol/L HEPES and 4.45 mmol/L glucose, pH 7.4; pre-
warmed to 37 °C) as assay buffer to prepare the cells for the 
assay incubations. In order to stabilise physiological parame-
ters, cell monolayers were preincubated with HBSS assay buf-
fer in both apical and basolateral compartments at 37 °C 
for 40  min.

Following preincubation, donor solutions of HBSS contain-
ing 10 µM Inh 1 with, or without, 10 μM elacridar and 100 μM 
MK-571 which are inhibitors of P-gp and BCRP, and BCRP and 
MRP-2, respectively, were added to the relevant apical or 
basolateral donor compartments. Lucifer yellow, a fluorescent 
integrity marker was also present in the donor solutions 
(100  μmol/L). In addition, the HBSS assay buffer, containing 
DMSO or inhibitor mix, was added to the corresponding 
receiver compartments. This resulted in a final DMSO concen-
tration of ≤1% v/v, for both donor and receiver solutions.

The bidirectional [apical-to-basolateral (A-B) and 
basolateral-to-apical (B-A)] apparent permeability (Papp) of Inh 
1 was determined in duplicate. As positive controls, the per-
meability of atenolol and antipyrine, the P-gp substrate, talin-
olol, and the BCRP substrate, oestrone 3-sulphate were also 
determined. Talinolol and oestrone 3-sulphate were incu-
bated with and without the inhibitor mixture to demonstrate 
transporter activity in the Caco-2 cells.

After 120 min at 37 °C, apical and basolateral samples were 
taken and diluted for analysis and Inh 1, together with the 
positive control compounds, were quantified using LC-MS/MS 
analysis. The starting concentrations (C0) were obtained using 
the dosing solution with the experimental recovery 

calculated from C0 and the concentrations in the apical and 
basolateral compartments.

The quantification of lucifer yellow in the receiver com-
partments was performed with a fluorescence plate reader 
(Tecan Infinite® 200 PRO, Tecan, Männedorf, Switzerland) and 
these values used to determine its permeation across the 
Caco-2 cell monolayer. The integrity of the Caco-2 cell mono-
layer was considered to be acceptable for a well if the calcu-
lated Papp for the lucifer yellow was ≤1.0 cm/sec (× 10−6).

In vitro metabolic stability and metabolism studies  
on Inh 1

Metabolic stability determination in liver microsomes

HLM, MuLM, and RLM, suspended in 0.1 M phosphate buffer 
(pH 7.4; final protein conc. 0.5 mg/mL) and Inh 1 (final sub-
strate concentration 1 µM; final DMSO concentration 0.25%) 
were pre-incubated (37 °C) prior to the addition of NADPH 
(final concentration 1 mM) to initiate the reaction. A control 
incubation where phosphate buffer pH 7.4 was added instead 
of NADPH (minus NADPH) was also undertaken. In addition 
to Inh 1, two positive controls for each species were also 
independently assayed (diazepam and diphenhydramine in 
mouse and rat; dextromethorphan and verapamil in human).

Inh 1, plus NADPH, was incubated for 0, 5, 15, 30, and 
45  min whilst the minus NADPH control was only incubated 
for 45  min. These reactions were terminated using ACN (1:3 
v/v), to precipitate the protein, at the requisite time points. 
Termination plates were then centrifuged (1530  g, 30  min, 
4 °C) and the supernatants used to determine both the 
amount of Inh 1 remaining at each timepoint and for metab-
olite profiling. To determine the intrinsic clearance (CLint) of 
Inh 1, 50  μL aliquots of each supernatant were diluted with 
an equivalent volume of deionised water containing metopr-
olol (0.55 μM) as an internal standard. Metabolite identifica-
tion (see below) was undertaken using 80  μL of supernatant 
diluted with the same volume of deionised water.

Hepatocyte metabolic stability

Cryopreserved human, mouse, and rat hepatocytes were 
incubated with Inh 1, pre-incubated (37 °C) in Williams E 
media (supplemented with 2 mM L-glutamine and 25 mM 
HEPES), at a final substrate concentration of 1 µM (final DMSO 
concentration 0.25%), prior to the introduction of cells (final 
cell density 0.5 × 106 viable cells/mL) in medium to initiate 
the reaction. This resulted in a final incubation volume of 
500  µL. Incubations with verapamil and umbelliferone 
(human), verapamil and raloxifene (mouse) or verapamil and 
umbelliferone (rat) were performed as control substrates, as 
well as a vehicle control. Incubations were terminated by 
transferring 40  µL of incubate to 120 µL ACN at the time 
points 0, 10, 20, 40, 60, and 120  min post initiation. The ter-
mination plates were centrifuged at 1530  g at 4 °C for 30  min 
to precipitate the protein. To determine the CLint of Inh 1, 
25  μL of supernatant was diluted with an equal volume of 
deionised water containing internal standard (0.55  μM 
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metoprolol). For metabolite profiling studies an 80  μL aliquot 
of the supernatant was diluted with the same volume of 
deionised water.

Incubations with heat-treated HLM, MuLM, and RLM 
liver microsomes

In order to determine the potential contribution of flavin 
monooxygenase (FMO) to the metabolism of Inh 1 an incu-
bation utilising heat inactivation of HLM, MuLM, and RLM 
was performed. Microsomes were heated in a water bath at 
45 °C for 2  min and then cooled on ice prior to performing 
the assay. Inh 1 (final substrate concentration 1 µM; final 
DMSO concentration 0.25%) was pre-incubated at 37 °C with 
control (non-heat inactivated) microsomes (0.5 mg/mL) and 
heat inactivated microsomes (0.5 mg/mL) and then NADPH 
was added (final concentration 1 mM) to initiate the reaction. 
Benzydamine was assayed as a positive control for FMO 
activity, and diphenhydramine, diazepam, dextromethorphan 
and verapamil were included as positive controls across the 
different species of microsomes as described above. For each 
compound, a control incubation was performed where phos-
phate buffer pH 7.4 was added instead of NADPH 
(minus NADPH).

Incubations were performed for 0, 5, 15, 30, and 45  min 
whilst the minus NADPH control was only incubated for 
45  min. Reactions were terminated using ACN (1:3 v/v), to 
precipitate the protein with samples processed for LC-MS/MS 
and metabolite identification (see below).

Analysis of in vitro samples by UHPLC-MS/MS

In vitro samples for the assessment of protein binding, Caco-2 
cell permeation and the metabolic stability of Inh 1 were 
analysed using reversed-phase (RP) UHPLC/MS. The system 
comprised an Acquity™ Binary Solvent Manager (BSM), an 
Acquity™ 4-position heated column manager, a 2777 Ultra 
High Pressure Autosampler and a Xevo-TQ MS Triple 
Quadrupole mass spectrometer (Waters Ltd, Herts, UK). For 
analysis 4 µL of sample were injected onto an ACQUITY™ HSS 
T3 (1.8 µm) 2.1 × 30 mm column (Waters Ltd) fitted with a 
SecurityGuard™ ULTRA Fully Porous Polar C18 cartridge 
(Phenomenex, Cheshire, UK) guard column. The columns 
were maintained at 40 °C during the analysis which used 
mobile phase A consisting of 10 mM ammonium formate 
with 0.1% v/v formic acid in water and ACN as mobile phase 
B for the stability assays; for the Caco-2 assay, MeOH was 
used as mobile phase B. The rapid gradient elution condi-
tions used are shown in Table S1.

Positive ion electrospray ionisation (+ve ESI) MS employ-
ing multiple reaction monitoring (MRM) (parent to daughter 
ion transition 425.80 > 185.65  amu) was used for detection 
and quantification. A cone voltage of 21 V, collision energy 
set at 30 eV and a capillary voltage of 0.5 kV were applied 
using source and desolvation temperatures of 150 °C and 
650 °C, respectively. Cone gas (N2) and desolvation gas (N2) 
flow rates were 50 L/h and 1200  L/h, respectively.

UHPLC/MS-based characterisation of in vitro 
metabolites of Inh 1

Metabolite profiling of Inh 1 following incubations with either 
microsomes or hepatocytes was undertaken by RP-UHPLC-MS/
MS using a Waters Xevo QTof G2-S MS, an Acquity BSM with 
an Acquity Column Manager and a 2777 Auto sampler 
(equipped with a 10 µL loop (Waters Ltd, Herts, UK)). Analysis 
was performed on 10 µL of sample on a 2.1 × 100 mm C18 
ACQUITY UPLC HSS T3 1.8 µM column (Waters Ltd, Herts, UK) 
at 60 °C. RP gradient elution using 10  mM ammonium for-
mate with 0.1% v/v formic acid in water (mobile phase A) 
and ACN with 0.1% v/v formic acid (mobile phase B) was 
used for the separation (Table S2). The injection loop was 
subjected to both weak (MeOH:H2O (1:9 v/v)) and strong 
washes (MeOH:acetone:IPA (4:3:3 v/v) with 0.1% formic acid) 
to eliminate carry over.

MSE was undertaken in electrospray positive ionisation 
over a scan Range m/z 130–1000, a capillary voltage of 0.3 kV 
and source and desolvation temperatures of 120 °C and 
650 °C respectively. The cone gas (N2) flow was 50 L/h with a 
desolvation gas flow of 1050 L/h. A cone voltage of 40 V was 
used with MS data obtained with MSE using a collision energy 
ramp over the range 20–50  V. Leucine enkephalin (0.4 µg/mL, 
10 µL/min) was used to provide a lockmass. Follow on prod-
uct ion scans were conducted on Inh 1 and its associated 
metabolites on a scan range of m/z 45–800 using a product 
ion collision energy ramp of 20–50 V.

For microsomes the 15 min sample for human and 5 min 
sample for mouse and rat and with hepatocytes, the 60 and 
120  min samples in human and the 10 and 20  min samples 
in mouse and rat were compared against their associated 
0  min control sample to establish which and how many 
metabolites were formed. An additional experiment compar-
ing microsomes with and without heat inactivation utilised 
the 45  min sample for human and 5 min sample in mouse 
and rat and compared them against their associated 0  min 
control samples.

Metabolynx XS (Waters Ltd) with mass defect filtering and 
a generic dealkylation approach was used to process the 
data, and the interpretation, structural elucidation and valid-
ity of detected metabolites was performed manually.

In vitro data analysis

For protein binding studies in plasma and microsomes, the 
fraction unbound (fu) of Inh 1 was obtained using 
Equation (1).

 fu
PC PF

PC
= 






1−

−  (1)

PC = the Inh 1 concentration on the protein-containing 
side and PF = Inh 1 concentration on the buffer side.

Hepatocyte protein binding for Inh 1 was estimated from 
the fu obtained for microsomes as reported in Kilford 
et  al. (2008).

https://doi.org/10.1080/00498254.2024.2357765
https://doi.org/10.1080/00498254.2024.2357765


XENOBIOTICA 5

Caco-2 Papp and efflux ratios were determined using 
Equations (2) and (3)

 P =
dQ dt

C A
app

o

/
×









 (2)

dQ/dt = the rate of permeation of Inh 1across the cells, 
C0 = was the donor compartment concentration of Inh 1 at t0 
and A = the area of the cell monolayer

 Efflux ratio ER
P

P

app B A

app A B

( ) = ( )

( )

−

−

 (3)

The CLint of Inh 1, determined as μL/min/mg protein for 
liver-microsomes and μL/min/106 cells for hepatocytes, was 
obtained from the rate of depletion of Inh 1 over the incu-
bation time. Based on the elimination rate constants (k; 
-slope) and half-lives (t1/2) obtained, the CLint of the drug in 
the various in vitro systems was derived using Equations (4) 
and (5).

 Half life t min
0.693

1
2

− ( ) ( )= 
k

 (4)

 
Intrinsic clearance CL

L min mgproteinor L min cells

int( )

/ / / /µ µ 106(( ) = V 0.693

t‰

×  (5)

V = incubation volume (µL) divided by either the microso-
mal protein content (mg) or the number of hepatocytes (106 
cells) used in the incubation.

In vitro hepatic CLint values from the microsomal and 
hepatocyte incubations, corrected for incubational binding 
effects with the fu values obtained as detailed above were 
then scaled to the whole liver in vivo equivalent values using 
Equation (6).

 CL
Cl x SF

fu
int u

int

inc

,
=  (6)

In Equation (6), SF equals the physiological scaling factors: 
number of cells per gram of liver (hepatocellularity) or mgs 
of microsomal protein/g of liver, and the liver/body weight 
ratio. Microsomal recovery factors of 40, 45, and 61  mg mic-
rosomal protein/g liver, hepatocellularity of 120, 125, and 163 
(×106) hepatocytes/g liver and liver weights of 25.7, 87.5, and 
40  g/kg body weight were used for human, mouse and rat, 
respectively. Scaling factors were derived from literature, 
in-house experience, and allometric calculations (Davies and 
Morris 1993, Houston and Carlile 1997, Riley et  al. 2005, 
Hakooz et  al. 2006, Smith et  al. 2008).

The total hepatic clearance (CLh) was estimated with the 
well-stirred model represented by Equation (7).

 CL
Q x fu xCl

Q fu xCl
h

h b int u

h b int u

=
+

,

,

 (7)

Qh = hepatic blood flow; fub = the fraction unbound in 
blood; CLint,u = the scaled unbound in vivo CLint determined 
from liver microsomal or hepatocyte incubations.

Fub was determined by dividing the measured fraction 
unbound in plasma by the blood to plasma concentration 
ratio (which was set at 1). Hepatic blood flow was 20.7, 120, 
and 90  mL/min/kg for human, mouse, and rat, respectively 
(Davies and Morris 1993, Ring et  al. 2011). Rat hepatic blood 
flow was derived from literature-wide assessment, in-house 
experience and allometric calculations.

Inh 1 pharmacokinetic (PK) study in mice

The Pharmacokinetics of Inh 1 were studied using 18 Male 
Swiss albino mice, 8–12 weeks old, and weighing between 30 
and 35  g obtained from In Vivo Biosciences, India. The study 
was undertaken at Sai Life Sciences (Hyderabad, India) with 
the mice acclimatised in polypropylene cages (3 mice/cage) 
for 1  week before drug administration. The animals were 
housed using standard environmental conditions including a 
12 h light/dark cycle with food and filtered water available ad 
lib. The study was approved by the Institutional Animal Ethics 
Committee, Pune, India (IAEC/PRT/008-11) and was undertaken 
in accordance with the Committee for the Purpose of Control 
and Supervision of Experiments on Animals (CPCSEA), Ministry 
of Social Justice and Environment, Government of India.

Formulation

Oral (PO) dosing of Inh 1 used a suspension of the drug 
(0.3 mg/mL) prepared in 0.5% (w/v) NaCMC and 0.1% 
Tween-80®. IV administration of Inh 1 was as a solution 
(0.6 mg/mL) formulated in 7.5% (v/v) N-methyl pyrrolidinone 
(NMP) and 40% polyethyleneglycol400 (PEG400) in water. For 
PO administration the dose volume was 10 mL/kg and 5 mL/
kg for the IV route.

Study design and sample collection

Two groups of Swiss albino mice (9 animals/group/route) 
were administered Inh 1 (3 mg/kg) by IV or PO routes. Each 
mouse was sampled three times with blood samples (60 µL) 
collected from the retroorbital plexus and placed in tubes 
containing the anticoagulant. Samples were obtained at 0.0, 
0.083 (IV only), 0.25, 0.5, 1, 2, 4, 6 (PO only), 8 and 24 h post 
dose. For the preparation of blood plasma samples were cen-
trifuged at 3200 g (10 min, 4 °C) and the supernatant stored at 
−70 °C until analysis.

Mouse plasma analysis
Stock solutions of Inh 1 (2  mg/mL) were prepared in DMSO 
with separate weighing’s used for the calibration and quality 
control (QC) standards. From these stock solutions working 
solutions for the calibration and QC samples were obtained 
after dilution in ACN-H2O (1:1, v/v). Both stock and spiking 
solutions were then kept at −20 °C until used. Imipramine in 
ACN (1 μg/mL) was used as an IS. A calibration curve 
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(2–5000 ng/mL; 0.004 μM to 10.45 μM) containing at least 7 
nonzero concentrations together with QC’s were prepared in 
control mouse plasma. For analysis 150  μL of ice cold ACN 
(containing IS) and 50 μL of each study plasma sample were 
mixed and then vortexed (1 min) using a VX-2500 multitube 
vortexer (VWR Lab product pvt Ltd, Mumbai). Following pre-
cipitation samples were centrifuged at 1000 g (10 min, 4 °C) 
(Centrifuge 5810 R, Eppendorf Germany). From the clear super-
natant 100 μL was transferred into HPLC vials and taken for 
LC-MS/MS analysis.

LC-MS/MS analysis of mouse plasma samples

A ‘fit for purpose’ LC-MS/MS method, with an estimated LOQ 
of 1.7  ng/mL, was used for the quantification of Inh 1 in 
mouse plasma. The analytical system used a LC-20AD binary 
pump, a DGU20A degasser, and a SIL-HTC autosampler, 
equipped with a CTO-20A column oven set to 40 °C 
(Shimadzu Corp., Kyoto, Japan). The injection volume was 
5  µL. HPLC was on a Chromolith Flash (4.6 × 25 mm) column 
(Merck KGaA, Darmstadt, Germany) using RP gradient elu-
tion based on ACN: 0.1% aqueous formic acid (solvent A) 
and 0.1% aqueous formic acid (solvent B) using a flow-rate 
of 0.8 mL/min. The retention time (tR) of Inh 1 was 2.44  min. 
The detection of Inh 1 by MS was via an API-4000 triple 
quadrupole mass spectrometer (Applied Biosystems, Foster 
City, CA) in + ve ESI using MRM with the following MS 
parameters: interface temperature, 550 °C; ion spray voltage, 
6.0 kV; ion source gas-1, 50 arbitrary units; ion source gas-2, 
70 arbitrary units; collision gas, 6 arbitrary units; decluster-
ing potential, 78 V; collision energy, 40 V for Inh 1 and 102 
and 25 V for imipramine. The MRM transitions were 426.3 → 
186.1 amu for Inh 1 and 281.3 → 86.0 amu for imipramine. 
The data acquisition and analysis were via Analyst software 
version 1.5.

Pharmacokinetic analysis

Pharmacokinetic parameters (mean ± SD) for Inh 1 were 
determined using by non-compartmental analysis (Phoenix® 
WinNonlin® 6.3 version, Certara Inc, Radnor, PA). Maximum 
concentration (Cmax) and time of maximum concentration 
(Tmax) were observed values. The areas under the plasma con-
centration versus time curve (AUC0–t and AUC0–inf) were calcu-
lated using a combination of linear and log trapezoidal 
summations. Bioavailability (F) was calculated from AUC0-t 
after PO administration compared to that for IV dosing and 
is expressed as F%.

Results and discussion

As indicated below, the studies described here were aimed at 
obtaining a better understanding of the metabolic stability and 
fate of Inh 1 (Figure 1) in in vitro systems utilising human, mouse 
and rat hepatic microsomes and hepatocytes. In addition, the in 
vivo study was used to gain information on oral bioavailability, 
pharmacokinetics and systemic exposure in the mouse.

Plasma and microsomal protein binding of Inh 1

Studies in human, mouse, and rat plasma showed that the 
plasma protein binding of Inh 1 was greater than 90% in all 
three species, with Inh 1 having measured fu values of 
0.0878, 0.0188, and 0.0367, respectively. The data for the 
plasma protein binding of both Inh 1 and the positive con-
trol warfarin can be found in Tables S3 and S4, respectively. 
The values obtained for warfarin were consistent with 
in-house historical data.

Binding of Inh 1 to microsomal protein was also assessed 
in human, rat and mouse liver microsomes. In all three spe-
cies, the measured fu was determined to be >0.800 meaning 
that the extent of binding (<20%) was much less than that 
observed in plasma (data shown in Table S5). The values for 
amitriptyline, used as a positive control, were in line with 
in-house historical data (data shown in Table S6).

Caco-2 permeability data of Inh 1

A bi-directional assay with polarised Caco-2 cells was used to 
assess the intestinal permeability of Inh 1. The measured 
bidirectional Papp of Inh 1 in the absence of any inhibitor was 
11.2  cm/s (×10−6) in the A-B direction and 21.4 cm/s (×10−6) 
in the B-A direction, with an efflux ratio of 1.91 (as shown in 
Table S7). In the presence of inhibitors (elacridar and MK-571) 
Inh 1 was determined to have a Papp of 7.83 cm/s (×10−6) in 
the A-B direction and a Papp of 9.96  cm/s (×10−6) in the B-A 
direction, with an efflux ratio of 1.27. The A-B Papp values in 
both the absence and presence of any inhibitor were there-
fore comparable but the B-A Papp value in the presence of 
inhibitor were >2-fold less than that observed in the absence 
of inhibitor, indicating that Inh 1 may be subject to active 
efflux by P-gp, BCRP or MRP2. The positive controls, atenolol, 
antipyrine, talinolol, and oestrone 3-sulphate, all performed 
in accordance with in-house historical data (see Table S8). 
Talinolol and oestrone 3-sulphate were both shown to have 
reduced efflux ratios in the presence of the inhibitors com-
pared to the results obtained in the absence of the inhibitors.

In vitro liver microsomal stability of Inh 1
To determine microsomal stability, Inh 1 was incubated with 
human, mouse, and rat liver microsomes (HLM, MuLM, and 
RLM, respectively) and the co-factor NAPDH. Control incuba-
tions were also performed in the absence of NADPH to con-
firm any non-cytochrome P450 (CYP) enzyme metabolism. 
Samples were obtained over 45 min and the remaining Inh 1 
was quantified by LC-MS/MS. No metabolism of Inh 1, or the 
positive controls dextromethorphan, verapamil, diazepam, 
and diphenhydramine, was observed in the human or mouse 
minus-NADPH incubations (Tables S15 and 16, Figures S1 and 
2) whilst small (<2%) amounts of M3 (O-deethylation) and 
M14 (oxidation) were detected in the T0 rat microsome incu-
bation (Table S17, Figure S3). On incubation with HLM plus 
NADPH, Inh 1 was found to have an intrinsic clearance of 
30.9 µL/min/mg. When incubated with MuLM and RLM in the 
presence of NADPH the intrinsic clearance of Inh 1 was 67.8 
and 201 µL/min/mg, respectively. The control compounds 
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dextromethorphan, verapamil (HLM), diazepam, and diphen-
hydramine (MuLM, RLM) had intrinsic clearances consistent 
with the historical results obtained using these assays (see 
Table S9). Results for the intrinsic clearance of Inh 1 with 
these microsomal systems can be found in Table S10 together 
with graphical summaries showing the decline in Inh 1 con-
centrations over time illustrated in Figures S1–S3.

In vitro hepatocyte stability of Inh 1
The metabolic stability of Inh 1 in cryopreserved human, 
mouse or rat hepatocytes was evaluated over the course of 
2  h with incubations sampled at various time points after 
addition of either Inh 1 or the positive controls, verapamil 
and umbelliferone (human and rat hepatocytes) or verapamil 
and raloxifene (mouse hepatocytes). Following centrifugation 
the supernatants from the incubation samples were analysed 
by LC-MS/MS to determine the intrinsic clearances of Inh 1 
and the positive controls. In human hepatocytes Inh 1 was 
found to have an intrinsic clearance of 21.6  µL/min/106 cells. 
In comparison, the intrinsic clearances observed for Inh 1 
were 96.0 and 129 µL/min/106 cells for mouse and rat hepato-
cytes, respectively. The data for the positive controls for all 
species were consistent with in-house historical results (see 
Table S11). A summary of the data for Inh 1 is given in Table 
S12 and also illustrated in Figures S4–S6.

Heat inactivation of microsomes for assessment of FMO 
contribution to Inh 1 metabolism

To determine the potential role of FMO in Inh 1 metabolism 
both it and the positive control benzydamine were incubated 
with both heat-inactivated microsomes and control (non-heat 
inactivated) microsomes with NADPH present. In addition, 
the P450 positive controls diphenhydramine, diazepam, dex-
tromethorphan, and verapamil were also incubated under 
the same conditions. For the P450 control compounds 
heat-inactivation generally had minimal impact on their 
intrinsic clearance compared to incubations performed using 
control microsomes (Table S13) and gave results which were 
again consistent with historical in-house data. The one excep-
tion to this was for diphenhydramine in MuLM which gave a 
the CLint that was approximately half of that obtained for 
heat-inactivated MuLM compared with the result for micro-
somes that had not been heat treated. However, whilst 
widely used as a control for P450-based metabolism diphen-
hydramine has also been identified as a substrate for porcine 
FMO (Zeigler 1988) and the result obtained here suggests 
that the same may also be true for mouse.

The positive control for FMO activity, benzydamine, was 
shown to have an intrinsic clearance of 17.8, 484, and 
1420  µL/min/mg in control HLM, MuLM and RLM, respec-
tively, and an intrinsic clearance of 9.06, 159, and 626  µL/
min/mg in heat-inactivated HLM, MuLM, and RLM respec-
tively. The fraction metabolised (fm) by FMO for benzydamine 
was therefore calculated to be 0.49, 0.67, and 0.56 in HLM, 
MuLM, and RLM, respectively, in accordance with literature 
demonstrating FMO contributed to 53% (fm of 0.53) of the 
intrinsic clearance of benzydamine in HLM (Jones et  al. 2017).

In control microsomes, Inh 1 was found to have an intrin-
sic clearance of 24.9  µL/min/mg in HLM, 67.2 in MuLM µL/
min/mg and 134 µL/min/mg in RLM (all within 1.5-fold of the 
original measurements described above). In the 
heat-inactivated microsomes, Inh 1 had intrinsic clearances of 
19.9, 63.9, and 115  µL/min/mg for human, mouse and rat, 
respectively indicating a limited contribution of heat labile 
FMO’s to the overall intrinsic clearance of Inh 1 (Table S14) 
which was, presumably, mainly P450-based. The stability pro-
files of Inh 1 in control microsomes and heat-inactivated mic-
rosomes are shown in Figures S7–S12.

Prediction of CLH of Inh 1 from microsomal and 
hepatocyte incubations

The in vivo CLH of Inh 1 was predicted from in vitro CLint val-
ues measured in HLM, MuLM, and RLM and hepatocyte incu-
bations. The predicted in vivo CLH of Inh 1 using measured in 
vitro CLint values from microsomal incubations was deter-
mined to be 2.99, 5.96, and 18.0  mL/min/kg for human, 
mouse, and rat, respectively. Based on the measured in vitro 
CLint values from hepatocyte incubations, the predicted in 
vivo CLH of Inh 1 was determined to be 5.60, 21.3, and 
27.9  mL/min/kg for human, mouse, and rat, respectively. The 
predicted in vivo CLH of Inh 1 obtained in hepatocytes was 
within 2-fold of that determined in microsomes for human 
and rat. However, in mouse hepatocytes, the predicted in 
vivo CLH of Inh 1 was approximately 3.5-fold higher than the 
predicted in vivo CLH of Inh 1 observed in mouse microsomes.

In vitro microsomal metabolites of Inh 1
Metabolite formation from Inh 1 was evaluated using 
high-resolution LC-MS/MS on samples derived from the 5 min 
RLM and MuLM and 15 min HLM incubations described 
above. After a 5 min incubation with MuLM and RLM ca. 74% 
and 65%, respectively, of the total drug-related material 
detected was Inh 1 (assuming that the metabolites all had a 
similar molar MS response to Inh 1). In RLM, at this time 
point the major metabolites were M3 (ca. 12%), correspond-
ing to deethylation of the phenolic ethyl group, and M14 (ca. 
14%) which was due to hydroxylation of a methyl group on 
the dimethyl-phenyl-substituent. With mouse microsomes the 
major metabolite was M14 (ca. 9%). In the case of the human 
microsomes nearly 80% of the total was still composed of 
unchanged Inh 1 after 15  min of incubation. A total of eight 
metabolites were observed in the microsomal incubations for 
all three species. Overall, the metabolites that were produced 
were generally concordant between the three species, with 
five metabolites common to both (M3, 4, 10, 14, and 17). 
One human microsomal metabolite (M9) and one mouse 
metabolite (M15) were unique to these species when report-
ing those above 1% of drug-related material. Metabolite M5 
was absent in the HLM but present in both MuLM and RLM. 
Assuming similar mass spectral properties to Inh 1, these 
metabolites (M3-5, 9, 10, and 17) individually provided ca. 5% 
or less of the total. Interestingly, in addition to O-deethylation 
and oxidative metabolism, desulphurisation (M4,5,9 and 10) 
was also noted together with apparent reductive metabolism 
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(desaturation) in both human, mouse and rat derived prepa-
rations. Approximate % abundance, assuming similar MS 
properties, of the metabolites is reported in Tables S15–S17. 
Putative Markush structures are displayed in Table S29. 
Representative mass chromatograms showing Inh 1 and its 
associated metabolite peaks for the human, mouse and rat 
microsomal incubations are shown in Figures S13–S15.

In vitro hepatocyte-derived metabolites of Inh 1
With the hepatocyte incubations, the metabolite profiles for 
Inh 1 after 10 and 20  min were obtained for mouse and 
rat-derived samples, and for the 60 and 120  min time points 
for human. In total, these hepatocytes incubations resulted in 
the production of eighteen metabolites. Nine (M3, 9, 14, 15, 
17–20, and 25) were found in human hepatocyte-derived 
samples whilst eleven (M3-5, 10, 14, 17, 20, 21, 23, 25, and 
26) were seen for mouse and a further eleven (M1, 4, 5, 8, 14, 
15, 17, 20, 24, and 27) were observed in the rat 
hepatocyte-derived samples, respectively. The larger number 
of metabolites observed in hepatocytes made for a some-
what more complex metabolite profile than that seen for 
microsomes, due in part to the formation of glucuronides. So, 
in addition to many of the metabolites noted from the mic-
rosomal incubations, hepatocytes also resulted in the detec-
tion of a unique human metabolite (M19) showing both 
oxidation and desaturation, M20 (found in all species but 
only in hepatocytes), three glucuronides M24, unique to rat 
hepatocytes, and M25 found in human and mouse hepato-
cytes and M26, unique to mouse hepatocytes as well as a 
rat-derived glutathione conjugate (M27) (see Table S29). The 
relative amounts of these metabolites, again assuming similar 
mass spectral properties to Inh 1, are provided in 
Tables S18–20.

Based on mass spectral fragmentation and molecular 
composition data the likely/approximate sites of metabolism 
are shown on the Markush structures in Table S29. 
Representative mass chromatograms are shown in Figure 2 
for human, mouse, and rat hepatocyte incubations respec-
tively, and the corresponding mass spectra and fragmenta-
tion data are provided in Figures S16–18. The structures of 
Inh 1 and its hepatocyte-derived metabolites are illustrated 
in Figure 3.

Overall, the metabolic picture revealed by these in vitro 
investigations is both interesting and complex, demonstrat-
ing extensive metabolism at a variety of sites on Inh 1. The 
majority of these biotransformations involved fairly predict-
able oxidations on the aromatic ring (e.g. M4, 5, 13, 14, and 
23), and O-deethylation (e.g. M3, 8, and 24) with, in some 
cases subsequent conjugation to form a sulphate (M23) or 
various glucuronides (M24, 25, 26). Evidence was also seen 
for the involvement of a reactive metabolite based on the 
formation of a glutathione conjugate, M27, by rat hepato-
cytes (Table S29). A limited number of the putative metab-
olites (M9, 18,19) were observed only in human hepatocyte 
incubations (down to 1% of drug-related material) 
(Table S29).

However, perhaps most interesting from a metabolic point 
of view, was the observation of desulphurisation seen to 

occur in 9 metabolites (M1, 4–7, 9, 11, 12, and 18 (the latter 
seen only in rat hepatocytes)) detected in species-specific 
metabolite profiles obtained for microsomes and hepatocytes. 
This desulphurisation occurred with a variety of concomitant 
oxidations, desaturations, and, in one case (M1), also included 
the loss of the 4-ethoxyphenyl-ring. This type of desulphurisa-
tion was first described for [6-(2,4-dimethoxyphenyl)-1-(2-hydr
oxyethyl)-2-thioxo-2,3-dihydropyrimidin-4(1H)-one], both in 
vitro and in vivo, and was identified as a major biotransforma-
tion (Eng et  al. 2016). Investigations on the desulphurisation 
mechanism, using human recombinant FMO in supersomes, 
led Eng et  al. (2016) to propose that it resulted from metab-
olism by flavin-containing monooxygenases (FMOs), followed 
by intramolecular cyclisation.

More recently, a similar metabolic desulphurisation was 
seen for the myeloperoxidase inhibitor AZD4831 (Jurva et  al. 
2023) but no FMO-based investigations were undertaken. We 
therefore proceeded to investigate the potential involvement 
of FMOs in Inh 1 metabolism, as described below.

Microsomal metabolites of Inh 1 in heat-inactivated 
microsomes

Given the obvious structural similarities between compounds 
such as [6-(2,4-dimethoxyphenyl)-1-(2-hydroxyethyl)-2-thio
xo-2,3-dihydropyrimidin-4(1H)-one] and Inh 1, we also inves-
tigated the potential involvement of FMOs via a similar reac-
tion (see Figure 5) to that proposed by Eng et  al. (2016). Inh 
1 was incubated with liver microsomes, with and without 
heat inactivation (see Jones et  al. 2017), for 5 min incubation 
with RLM (as performed in the initial microsomal study), 
15  min for MuLM and 45 min for HLM (for results see Tables 
S21–26).

For the RLM incubation, only 2 desulphurised metabolites 
(M4 and M5) were detected without heat inactivation with 
one (M4) still present after heat inactivation (see Tables S25, 
S26, and S29), providing some support for the involvement 
of FMOs in their production. For the MuLM, a total of 3 
metabolites (M4, M6, and M7) were detected after 15 min 
incubation without heat inactivation. However, of the 3 
metabolites, only M6 was not present in MuLM treated by 
heat inactivation. The HLM provided the richest source of 
desulphurised Inh 1 metabolites with 6 in total (M4-6, M9, 
M11, and M12). Of these only M12 was absent after incuba-
tion with heat-inactivated HLM (as mentioned above, one 
further desulphurised metabolite of Inh 1 (M18) was only 
detected in human hepatocyte incubations).

Across species, the relative abundance of all of the metab-
olites of Inh 1 produced using heat treated microsomes, 
including those that were not desulphurised, with the excep-
tion of M9 in human (reduced from 47% to 29% of the total 
TIC), was similar, or only slightly reduced following heat inac-
tivation. Any metabolites that were not detected were low 
level metabolites when observed in the samples without 
heat inactivation (see Tables S25, S26, and S29). A pivotal role 
for FMOs in the desulphurisation of Inh 1 is therefore difficult 
to support based on these in vitro data and, should these 
prove to be major metabolites in vivo, further studies to 
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determine the potential of CYP-mediated mechanisms, using 
e.g. human recombinant FMO’s as employed by Eng et  al. 
(2016) may be warranted.

The relative amounts of these metabolites, assuming sim-
ilar mass spectral properties to Inh 1, are provided in Tables 
S21–S26.

Figure 2. Upper: Summed Xic of all the metabolites of inh 1 found in 120 min human hepatocyte samples, Middle: Summed Xic of all the metabolites found in 
20 min mouse hepatocyte samples Lower: Summed Xic of all the metabolites found in 20 min rat hepatocyte samples Unfilled peaks are considered to arise from 
endogenous material.
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In vivo pharmacokinetics of Inh 1 in the Swiss mouse

Inh 1 was well tolerated following either IV or PO dosing 
at 3  mg/kg, with no clinical signs observed over the 24  h 
duration of the study. Following IV administration the 
plasma concentrations of Inh 1 at 0.08  h were marginally 
lower than at the subsequent sampling time of 0.25  h 
which probably resulted from the use of a ‘discovery’ for-
mulation. For the purposes of estimating the IV C0 and 
AUC values for Inh 1 pharmacokinetic calculations based 
on the perpendicular back extrapolation of the concentra-
tion observed at 0.08  h were used. Following IV 

administration. Inh 1 exhibited a monophasic decline (t1/2 
0.91 h, Table 1) and by 24 h the drug was no longer 
detectable in the plasma of 2 out of the 3 animals (Table 
S27). Based on the PK data obtained here Inh 1 had low 
systemic plasma clearance (11.8% of mouse liver blood 
flow) and a terminal elimination half-life of 0.91  h. From 
the in vitro microsomal mouse incubations the CLH of Inh 
1 in mouse was predicted to be 5.96  mL/min/kg whilst for 
hepatocytes the equivalent figure was 21.3 mL/min/kg, 
which were equivalent of 4.97% and 17.8% of normal liver 
blood flow in mice, respectively. The scaled in vitro CLint 

Figure 4. the oxidative desulfurization of 6-(2,4-dimethoxyphenyl)-1-(2-hydroxyethyl)-2-thioxo-2,3-dihydropyrimidin-4(1H)-one by FMo by rat and dog micro-
somes. adapted from eng et  al. (2016).

Figure 3. Proposed structures for hepatocyte-derived metabolites of inh 1
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of Inh 1 in mouse hepatocytes predicted the observed 
plasma clearance better than the in vitro microsomal 
CLint, most likely a reflection of the absence of conjuga-
tive metabolism in the microsomal system, although such 
a marked disparity between microsomes and hepatocytes 
was less evident in rat and human. The low volume of 
distribution calculated based on these data of 0.7 L/kg 
was less than total body water suggesting low extravascu-
lar distribution.

Following PO dosing there was rapid absorption with peak 
observed plasma concentrations of Inh 1 seen at 0.5  h of ca 
500 ng/mL post dose. Drug concentrations declined exponen-
tially thereafter, falling to less than 10 ng/ml by 8 h, and weres 
below the LOD by 24  h post dose (see Table 1 for pharmaco-
kinetic data and Tables S27 and S28 for the individual animal 

plasma concentrations for IV and PO doses, respectively). The 
mean plasma profiles obtained following for both IV and PO 
dosing are provided in Figure 4. The oral bioavailability of Inh 
1 administered at 3 mg/kg was approximately 25.7%.

Conclusions

The gut commensal bacterial GUS inhibitor Inh 1 was found 
to be relatively stable when incubated with hepatic micro-
somes and hepatocytes but was nevertheless subject to a 
wide range of biotransformations at multiple sites. Whilst 
the bulk of these biotransformations were relatively ‘conven-
tional’ oxidations/hydroxylations/deethylations and conjuga-
tions, the large number of minor desulphurised metabolites 

Table 1. Pharmacokinetic parameters for inh 1 following iV and Po administration to Swiss Mice at 3 mg/kg.

compound Route tmax (hr) cmaxa(ng/mL) aUclast (hr*ng/mL) aUcinF (hr*ng/mL) t1/2 (hr)
cL (mL/min/

kg) Vss (L/kg) Fb (%)

inh 1 iV – 3872 3518 3518 0.91 14.2 0.63 –
Po 0.5 495 904 928 – – – 25.7

aco for iv; based on simple (perpendicular) back extrapolation of the inh 1 concentration at 0.08 h.
baUclast considered for bioavailability calculation.

Figure 5. Proposed biotransformations leading to metabolites showing desaturation -H2S.

Figure 6. Mean plasma concentration-time profiles to 8 h for inh 1 following single intravenous and oral administration to Swiss albino mice both at 3 mg/kg. 
Key: -  -, iV; - o - Po.
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appears to be relatively novel. Given the structural similar-
ity between Inh 1 and 6-(2,4-dimethoxyphenyl)-1-(2-hyd
roxyethyl)-2-thioxo-2,3-dihydropyrimidin-4(1H)-one, this Inh 
1 biotransformation may represent a further example of oxi-
dative desulphurisation by FMO although, as our limited 
data show, the enzymes responsible for this reaction may 
be species-dependent and P450-based reactions may have a 
major role in this reaction.
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